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ABSTRACT
This dissertation investigates the use of a MG-Y-Laser, a novel type of semiconductor
laser that is electrically tunable over a wide spectral range, for the interrogation of Fiber
Bragg Grating (FBG) based ﬁber-optical sensing networks. The research started with
a complex long-term test of a real world measurement scenario from the ﬁeld of civil
engineering to elucidate limiting aspects of state of the art techniques. Civil engineering
applications pose a multitude of mutually exclusive challenges toward structural sensing
systems. These challenges are shared by many other ﬁelds of technology, making the
results to a large degree universally applicable. Following an assessment of the state
of art and the application requirements, the aspects to be improved by the research
were identiﬁed. A Syntune/Finisar S7500 MG-Y-Laser device was then thoroughly char-
acterized. Based on the gathered measurement data, novel tuning methods aimed at
wavelength continuous control were investigated. This led to the invention of a tuning
method that not only allows wavelength continuous control but also provides a means
of self calibration based on intrinsic properties (longitudinal cavity modes) of the device.
KEYWORDS
Modulated Grating Y-Branch Laser (MG-Y-Laser), Longitudinal Cavity Modes, Self-
Calibration, Fiber Bragg Grating (FBG), Fiber Optic Sensing, Sensor Networks, Dis-
tributed Sensing
ABSTRAKT
Předložená disertační práce zkoumá možnosti použití nového typu polovodičového MG-
Y-Laseru elektricky laditelného v širokém spektrálním rozsahu a zabývá se možnostmi
jeho nasazení v optovláknové senzorové síti založené na metodě FBG (Fiber Bragg Grat-
ing). Výzkum byl započat komplexními dlouhodobými testy reálného měřícího scénáře z
oblasti stavebnictví, sestaveného pro účely ověření limitujících aspektů současných tech-
nik. Inženýrské aplikace nabízejí velké množství vzájemně se vylučujících požadavků
pro návrh strukturálních senzorových systémů. Tyto požadavky jsou sdíleny mnoha
dalšími technologickými oblastmi, což přispívá k vysokému stupni univerzálnosti použití
dosažených výsledků. Na základě posouzení stavu současné techniky a aplikačních poža-
davků byly v práci nejprve identiﬁkovány aspekty, které mají být výzkumem zlepšeny. V
dalším kroku byl detailně charakterizován MG-Y laser Syntune/Finisar S7500. Na zák-
ladě dat získaných měřením byla zkoumána nová metoda spojitého řízená vlnové délky
záření laseru. Provedené experimenty vedly nejen k návrhu nového způsobu spojité regu-
lace vlnové délky ale také k vytvoření prostředků pro vlastní kalibraci systému na základě
jeho vnitřních vlastností (podélných módů rezonátoru).
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1 INTRODUCTION
1.1 Motivation
This doctoral thesis summarizes my research work undertaken during the time from
2009 to 2013 as part of the research project "FOSBA". "FOSBA" is the abbrevia-
tion for "Faseroptische Sensoren in der Bautechnik" (Fiber-Optical Sensors in Civil
Engineering Applications) and was aimed at deepening and increasing experience
with practical ﬁber-optical sensing solutions for the monitoring of civil structures,
thus transforming the current practice of regular manual inspections into continuous
monitoring while at the same time reducing costs.
Regarding their needs in terms of ﬁber-optical sensing systems, the applications
in the ﬁeld of civil engineering pose unique challenges which can currently be rarely
satisﬁed by using Commercial-Oﬀ-The-Shelf (COTS) equipment. The demands that
have to be met often are of a nature that lead to sensing schemes diﬃcult to realize
because of mutually exclusive properties of ﬁber-optical sensing systems. The major
conﬂicting properties are:
• High interrogation bandwidth
• High strain resolution
• Capability of interrogating large sensor networks
For ﬁber-optical sensing systems, the aforementioned problems originate at the
part of the system retrieving the measured data from a sensing network, the Inter-
rogator.
Recent developments in semiconductor laser technology have yielded a fun-
damentally new tunable laser source, a so called Modulated Grating Y-Branch
Laser (MG-Y Laser), with which a substantial improvement in the performance
of Interogators for ﬁberoptical sensing systems can be expected. Of special interest
here is that the unique properties of the MG-Y-Branch Laser promise to address
exactly the formerly mutually exclusive properties of ﬁberoptic Interrogators used
in civil engineering applications.
However the control of this novel semiconductor laser is rather complex compared
to all of its predecessors and poses a substantial challenge if all of the positive
properties of the laser are to be exploited. This work investigates the aspects of MG-
Y-Branch laser control with the aim of formulating a control system which provides
access to the capabilities of the laser. This can then be used in the development of
a new class of ﬁber-optical Interrogators with unprecedented combined performance
in all formerly mutually exclusive aspects.
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1.2 Background and Structure of the Dissertation
As mentioned in the previous section, this dissertation deals with scientiﬁc prob-
lems related to operation and read-out of embedded ﬁber-optic sensor systems.
The research started with a complex long-term test of a real-world civil-engineering
distributed-sensing measurement scenario. The aim of this part of the work was
two-fold: Firstly, it was aimed at gaining experience with the standard procedures
used and at elucidating limiting aspects of the state of the art techniques, in order
to provide a sound knowledge basis for devising novel signal processing concepts.
Secondly, the experimental set-up should constitute a test-bed for applying and
evaluating the novel concepts to be elaborated.
The experiment made clear that one central ﬁeld for deepened research is the in-
terrogation of the FBG sensors used. One novel laser type, the so-called MG-Y Laser,
caught speciﬁc interest as it promised to enable interrogation concepts that had
not been feasible with lasers available to date. The speciﬁc demands posed by
FBG readout systems on a laser device are, however, fundamentally diﬀerent from
those dictated by telecommunication equipment, which is the ﬁeld of application
the MG-Y Laser had originally been designed for. This is reﬂected in the current
state-of-the-art regarding MG-Y Laser control: While telecom applications are ori-
ented towards channel-based operation on stationary wavelengths with a focus on
high wavelength stability, FBG readout focuses on diﬀerent demands, namely con-
tinuous tuning or high wavelength agility. These aspects have not been investigated
thoroughly until now and therefore became the central point of the research.
At this point it is important to identify the fundamental constraints which are
later to guide the research work toward the intended goals and to verify the aspects
already identiﬁed. Since the requirements towards novel MG-Y Laser tuning meth-
ods indirectly result from desired properties of new FBG interrogation systems, it
is ultimately the ﬁeld application that forms the requirements. Due to this indirect
link, the actual requirements can only be identiﬁed and evaluated in a sound manner
by assessing realistic application scenarios.
The structure of the dissertation is, based upon these introductory remarks, as
follows:
Introduction (chapter 1)
This text. A brief introduction to ﬁber optics, ﬁber sensing and semiconductor
lasers can be found in the appendix (chapter A).
State of the Art (chapter 2)
This chapter presents the current state of the art in semiconductor lasers and
FBG based ﬁber sensing.
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Aims of the Dissertation (chapter 3)
The goals for the research are deﬁned by evaluating the current state of art in
ﬁber sensing and the requirements of real-world measurement applications.
Real World Measurement Scenario (chapter 4)
This experiment was conceived to mimic the situation encountered in a typical
structural health monitoring application within the laboratory. This allowed
to observe the speciﬁc issues and challenges encountered during the setup and
operation of a ﬁber based sensing system. The experiment therefore was de-
signed to monitor values that can be veriﬁed by state of the art knowledge,
making the results comparable to data from literature or simulations while the
actual desired information lay in the experience gained from setting up and
conducting the experiment. The experiment was set up using a combination
of conventional sensors and ﬁber sensors (FBG), thus providing an additional
means of data comparison. Setting up the experiment inside the laboratory
further provided easy access while keeping the structural and mechanical pro-
cesses as close as possible to those occurring in a real installation in the ﬁeld.
Characterization of MG-Y Laser device tuning behaviour (chapter 5)
After an introduction to the MG-Y Laser with a special focus on its unique
tuning mechanism, the chapter describes the development of a FPGA-based
laser experimentation system and ensueing extensive measurements to char-
acterize the MG-Y Laser device.
Design of an universal analytical tuning model (chapter 6)
The tuning characteristics of the MG-Y Laser are analyzed and ﬁrst modeled
using a straightforward polynomial based approach, then a more advanced
model is devised based on unique patterns in the device characteristics origi-
nating from longitudinal cavity modes.
Characterization of MG-Y Laser λ modulation behaviour (chapter 7)
The wavelength modulation characteristics of the device are investigated with
the aim of implementing novel FBG reﬂectivity slope detection methods.
Investigation of suitable system architectures (chapter 8)
Various architectures and methods for improved FBG interrogation systems
based on the ﬁndings presented in the preceeding chapters are discussed.
Assessment of the results (chapter 9)
This chapter gives a summary and evaluation of the results of the dissertation:
a novel intrinsic self-calibrating tuning method for MG-Y Laser based on the
longitudinal cavity modes of the device.
Conclusions (chapter 10)
An overall summary of the work and a brief outlook on possible further inves-
tigations concludes the dissertation.
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2 STATE OF THE ART
2.1 Overview
Optical glass ﬁbers have been used as sensors for a number of years. One property
that makes them ideal candidates for detecting deformations of an object under
consideration 1 is the dependency of their light guiding properties on mechanical
strain: By embedding the sensing ﬁber into the respective medium or by gluing the
ﬁber onto the surface of the measurand, deformations are transferred onto the ﬁber
thus leading to changes of its length, diameter and index proﬁle. It is possible to
measure the resulting eﬀects - and thus, from knowing the transfer characteristics
object-to-ﬁber, the deformation of the measurand - by directly observing properties
of the output light of the ﬁber (phase in an interferometric conﬁguration, polarisation
in a polarimeter).
However, the best and already well established concept is based on the use of a
ﬁber Bragg grating (FBG) inscribed in the ﬁber. As shown in the appendix A, an
FBG constitutes an optical ﬁlter with band rejection characteristics in transmission
and band pass characteristics in reﬂection. A change of the ﬁber properties given
above will change the characteristic wavelength λBragg of the FBG.
As the FBG provides the best dynamic range in reﬂection, a typical measurement
system based on an FBG will be based on an architecture shown in Fig. 2.1 and
will consist, in addition the the FBG itself, of another 3 major components: A light
source with an emission spectrum suitable to detect λBragg, a spectral analyzer, and
a ﬁber coupler for coupling the readout light from the source into the sensing ﬁber
and for extracting the return light so it can be analyzed.
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Fig. 2.1: Basic Structure of an FBG based sensing system
In addition, an interrogation system will contain associated processing electronics
for data logging and/or presentation. The optical front end of an FBG interrogation
system is the part of the system where λBragg is measured [26, 27].
1Aircraft wings, civil constructions like bridges and dams, wind turbines, . . .
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Recent development enhances this concept by simultaneously interrogating a
number of of FBGs all being arranged in series in a single ﬁber or/and in parallel
ﬁber strands linked to the same readout arrangement. The FBGs used will then
have the same or very closely spaced λBragg values.
While the conventional concept of a multiplexed sensor arrangement assumes well
separated λBragg values for each sensor such that each sensor can be identiﬁed by
its speciﬁc wavelength, the new concept provides for identiﬁcation of an individual
sensor by methods of time domain reﬂectometry (TDR) [24]. One major advantage
(among others) of the novel concept is an increase of the number of FBG sensors that
may be connected to one interrogator [24, 17, 23]: TDR multiplexed systems are
capable of interrogating hundreds of FBGs in one ﬁber compared to 10 to 20 FBGs
that can be interrogated with a non-multiplex system. However, as of 2012, these
schemes remain a topic of research and no such system is commercially available
[29, 30, 31, 33].
Multiplexing schemes are built on top of the basic working procedure of the op-
tical frontend, which is generally the same as in a non multiplexed interrogator [34].
The following section gives an introduction to the two main operating principles and
evaluates their current state of the art and future prospectives, especially regarding
FBG multiplexing.
2.2 Wideband Source
Interrogation systems based on a wideband light source and a means of spectral
analysis, for example a spectrometer, are the most common architecture currently in
use. The following Fig. 2.2 illustrates an interrogation system based on a wideband
light source [34].
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Fig. 2.2: Block Diagram of an Interrogator based on a broadband light source
Being the most straightforward and structurally simple system, interrogators
based on wideband sources and spectrometers were the ﬁrst that gained commercial
importance and still remain the most widely applied systems [29, 33]. This is mainly
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due to their proven performance and a broad choice of models on the market. From
the viewpoint of current research, they have several weaknesses and shortcomings
that led to a shift of research attention towards interrogators employing tunable
laser approaches. Among the most important shortcomings are the following:
• Disadvantageous overall power budget: Since the optical energy of the wide-
band source is spread over the entire spectral operating range, low energy
levels are attained at each particular λBragg. This necessitates high reﬂectivity
FBGs and very sensitive, low noise spectrometers [35].
• Limited interrogation bandwidth: Low noise spectrometers based on CCD2
linear array sensors typically have limited readout speed, as suﬃcient energy
has to be integrated in the CCD array cells before it can be read. This makes
the measurement of, for example, acoustic phenomena either expensive or even
impossible. This is especially the case for high resolution spectrometers.
• Expensive and rare optical power source: Wideband light sources are semi-
conductor devices that are predominantly made for niche markets and thus
are expensive components. Their optical power output is limited and not
comparable to that of laser diodes. Also, only very few manufacturers exist
[37].
2.2.1 TDR Multiplexing
The following Fig. 2.3 shows a wideband source interrogator employing a time
domain reﬂectometry scheme to separate the reﬂections of the individual FBGs
according to the round trip delay diﬀerence of a light pulse [35].
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Fig. 2.3: Interrogator based on a wideband light source and TDR
The operation is similar to a pulsed radar system, where a burst of microwaves is
radiated towards a target and the reﬂections are received and plotted along a time
scale. As in an optical ﬁber the position of the FBGs in the ﬁber is known and does
not change over time, an optical modulator is used to gate the received optical pulse
2Charge Coupled Device
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to the spectrometer, blanking all other reﬂections. Here the wavelength of the pulse
is determined, for example by passing the pulse through a diﬀraction grating and
on to a CCD line array detector. To accumulate suﬃcient charge in a CCD cell,
the pulses either need to contain the necessary energy or a number of pulses has
to be integrated. Since the available peak pulse power is usually limited, typically
the transmitted pulses are lengthened and integration is used. However, integration
increases the time intervals between samples, reducing the interrogation bandwidth.
Longer source pulses in turn interfere with multiplexing by increasing the required
minimum distance between two FBGs in the sensing network ﬁber to prevent spacial
sensor ambiguity problems.
The situation is similar to that encountered in pulse radar systems where the
transmitted pulse power may be limited by constraints such as legal regulations,
health and safety or power consumption. Integration over a number of pulses may
be limited by the antenna rotation speed causing the target to be illuminated only
a very brief duration of time. The pulse duration is limited by the desired target
range resolution.
Thus eﬀectively it is a disadvantageous round-trip power eﬃciency resulting in
only minute amounts of energy to be received, that limits the performance of TDR
multiplexed systems. This means that the received signal exhibits either a low Signal
to Noise Ratio (S/N) or, if the noise can be ﬁltered out (i.e. for a CCD detector, by
using a long integration time), low bandwidth. This ultimately reduces the interro-
gation speed [35]. Another problem associated with TDR is the length limitation it
poses on the sensing network. A new pulse of light may only be transmitted as soon
as the last pulse has been received, or else ambiguity problems arise. This reduces
the maximum pulse repetition frequency, which further impairs the power budget
and the available interrogation speed.
2.2.2 CDMA Multiplexing
The power budget problem of TDR, as well as the length limitation can be adressed
by replacing the single optical pulse with a stream of pseudo random bits [23, 17].
This drastically increases the energy available in the system, as the light source no
longer lies idle most of the time but is transmitting a bitstream, which on the receiver
side provides much more energy to the spectrometer. This approach is a transfer of a
concept originally conceived for radar applications. The following Fig. 2.4 shows the
structure of a wideband light source interrogator using Sequence-Inversion-Keying
Direct Sequence Code Division Multiple Access (SIK-DS CDMA)[17].
In this system, light emitted by a SLED3 passes through an isolator to reduce
3Superluminescent Light Emitting Diode
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Fig. 2.4: FBG multiplex interrogation using SIK-DS CDMA
adverse eﬀects of backreﬂected light and is modulated with a PRBS4. This optical
stream of ones and zeros is then launched into the ﬁber through a ﬁber coupler.
The receiving section is connected to the return port of the coupler and consists
of two modulators and a spectrometer connected to each modulator. The modu-
lators are fed with a Δt-delayed version of the PRBS sequence that had been sent
into the ﬁber and its inverted version. The delay Δt is matched to the round trip
delay of the light for the respective FBG element in the sensing ﬁber. Each modula-
tor/spectrometer block thus becomes a correlator for the PRBS with the ability to
measure the spectrum of the received light. The correlator/spectrometer connected
to the noninverted PRBS sequence now measures a spectrum that contains a maxi-
mum of returned light from the FBG for which the round trip delay is equal to the
preset delay Δt in the receiver.
The second correlator/spectrometer is connected to the inverted PRBS and thus
measures a spectrum that contains minimal light energy from the FBG for which
the round trip delay is equal to the preset delay Δt in the receiver. This spectrum
is then subtracted from the spectrum containing the maximized FBG light energy.
The result is a spectrum that only contains the reﬂection of the FBG of interest.
2.3 Tunable Source
A method that gained considerable importance in the last years is the interrogation
using a tunable laser source. This is mainly due to the recent developments in
semiconductor lasers that allowed a previously very expensive component - a laser
that may be tuned over a wide spectral range - to be manufactured monolithically,
thus reducing its cost considerably [38]. The structure and working principle of
4Pseudo Random Bit Sequence
19
interrogators based on tunable laser sources (Fig. 2.5) are comparable to a network
analyzer known from RF and microwave engineering.
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Fig. 2.5: Interrogator based on a tunable laser source
In order to measure the λBragg values of the connected FBGs, the laser is swept
over the relevant range of the spectrum, while a detector measures the optical power
reﬂected back from the sensing ﬁber. The processing and control electronics record
the power in dependency on the set wavelength of the laser and then calculate the
peaks in the recorded data. The observed peaks can then be attributed λBragg of
the FBGs. Regarding the power budget, the FBG interrogator of the tunable laser
type has advantages over a wideband source interrogator, as all optical energy is
focussed onto the very narrow spectrum of the laser source and thus no power is
wasted.
It is obvious that the performance of such an interrogator depends on the tuning
speed and precision of the laser. Commercially available interrogators using this
measuring principle currently employ External Cavity Laser (ECL), which are me-
chanically tuned. This causes signiﬁcant costs and due to the mechanical tuning,
interrogation speed is limited. Various publications describe methods that aim at
increasing interrogation bandwidth, for example by superimposing sidebands on the
laser spectrum via RF modulation [28]. Phase sensitive detection then allows to
monitor the shift of the FBG slopes.
The downside of such schemes is, however, that only one of the FBGs can be
interrogated with high speed, while the other FBGs are not interrogated at all.
Increasing the tuning speed therefore remains the main objective of current inter-
rogator development.
2.3.1 TDR Multiplexing
TDR as a means of channel expansion for an FBG interrogator is mentioned in
many publications [24]. Contrary to wideband light sources, suﬃciently powerful
laser diodes are available. The high CW power of many tunable laser diodes or
semiconductor optical ampliﬁers integrated directly on the laser substrate further
facilitate development.
20
However, the ineﬃcient overall power budget of TDR schemes and the associated
problems on the receiver side remain. Also, the length limitation due to round trip
delay remains.
2.3.2 CDMA Multiplexing
Code Division Multiplexing is possible with a tunable laser approach. CDMA based
reﬂectometry is being researched as an improvement for OTDR instruments, for ex-
ample to diagnose telecommunication links in operation without the need to disrupt
the communication for the test [41, 40].
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3 AIMS OF THE DISSERTATION
3.1 Problem formulation
The suitability of FBG sensing for a particular application is determined mainly
by the capabilities of the interrogation system that is used to retrieve sensor mea-
surement data. A real-world measurement scenario experiment conducted as part
of the research (presented in chapter 4) showed that this is especially the case for
measurement scenarios in the civil engineering sector, where several challenging re-
quirements may simultaneously complicate the search for a suitable interrogation
system.
For example, in a highway bridge, hundreds of FBG sensors distributed over a
large ﬁber network have to be interrogated at high speed while attaining resolutions
in the microstrain (strain on the order of the 10−6) range. Additionally, the bridge
may be located in a remote area where no power grid or internet connection is
available. The real-world measurement scenario experiment (chapter 4) showed that
with current technology, the FBG sensors would have to be spread over a number
of interrogators, with the eﬀect of rendering the solution inacceptable due to high
equipment cost and complicated installation of the necessary massive ﬁber network.
Furthermore, the power consumption of a large number of interrogators may be too
high for an autonomous power supply relying on solar or wind energy. Considering
the state of the art interrogation system architectures shown in chapter 5.1, three
main factors are conﬂicting:
Interrogation Bandwidth
High interrogation bandwidth (for example for acoustic measurements such as
crack monitoring) mandates fast aquisition of the spectral information, which
requires suﬃcient optical power at the receiver. This conﬂicts with multiplexed
interrogation, especially TDR schemes.
Strain Resolution
High strain resolution in most schemes necessitates ﬁltering of spectral infor-
mation, which reduces the available interrogation bandwidth for any system
except arrangements based on special laser modulation techniques [28].
Sensor Multiplexing
Large sensing networks are impossible or impractical to implement without
multiplexing, which collides with sensing bandwidth and precision.
From this consideration, the requirements for an ideal FBG interrogation system
for use in civil engineering can be formulated as the ability to combine good perfor-
mance in all three aspects regardless of their mutual exclusiveness. These aspects
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obviously are elementary performance metrics of FBG sensing systems and therefore
to a signiﬁcant degree applicable to other ﬁelds of sensing as well. This widens the
scope of prospective applications to beneﬁt from improvements.
3.2 Solution formulation
In order to determine a prospective technology capable of overcoming the exclusion
problem, the various schemes elaborated in section 5.1 were evaluated especially in
this respect. The most dynamic development can be observed in the ﬁeld of in-
terrogators employing a Y-Branch laser. Closer examination of the capabilities of
the currently available Y-Branch laser Syntune S7500 suggests that its high tuning
speed may allow to drastically increase interrogation speed and even direct modu-
lation of the laser wavelength with reasonable bandwidth. Additionally, the laser
contains a Semiconductor Optical Ampliﬁer (SOA) which may be used for On-Oﬀ
Keying (OOK) or Amplitude Modulation (AM) modulation and an integrated Fabry
Perot Interferometer (FPI) that can serve as a wavelength reference. In fact, the
Y-Branch laser is a promising new component containing almost anything necessary
to realize a laser source with unprecedented properties.
• It has a wide tuning range (entire C-Band 1520 to 1570 nm)
• is very fast tunable (microseconds for full range tuning step)
• can be FM, PM, AM and OOK modulated without external components
• contains an internal wavelength reference FPI
• provides high output power due to an integrated SOA
However, the tuning of a Y-Branch Laser is a discontinuous process and has not
yet been investigated suﬃciently to yield a profound understanding of all eﬀects
that have to be considered if the laser is to be used in a quasi-continuous tuning
mode. Also, all currently available equipment containing a Y-Branch laser relies on
a channel-wise operation that is controlled by some means of look up table mech-
anism. This is also the case for the only commerically available FBG interrogator,
where presumably intricate, dedicated algorithms are applied to the channel based
reﬂection data of the FBGs to track the peak wavelengths. While the approach
solves the task of FBG interrogation, it is a workaround solution regarding the yet
unsolved task of making a Y-Branch laser usable as an universal tunable laser source.
Literature and Internet research indicate that the Y-Branch laser is predominantly
investigated regarding its properties in telecommunications applications. Here, high
data rates mandate a modulation capability in the 10 Gbit range, which is only
possible with external modulators. This might be the reason why as of May 2012,
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no publications exist investigating FM tuning using the reﬂectors of an Y-Branch
laser. However, for FBG interrogation and particularly for multiplexing of FBGs,
such high modulation rates are not necessary. A minimum distance of 3m between
two FBG sensors is suﬃcient for most civil engineering scenarios. If CDMA schemes
using PRBS are used for multiplexing, the bit rate BRPRBS necessary to achieve a
given spatial resolution Sr along the sensing ﬁber with refractive index n is given by
BRPRBS =
c0n
2Sr
(3.1)
For n = 1, 468 (ﬁber core refractive index according to the datasheet of Corning
SMF-28 ﬁber) and a spatial resolution of 3m, the required bit rate is 73,4 Mbit/s,
which does not pose a signiﬁcant challenge in terms of modulation bandwidth com-
pared to the bandwidth requirements of telecommunications. The Y-Branch laser
thus oﬀers a unique combination of properties that might enable the development of
an interrogator capable of addressing all performance constraints at the same time:
• The high tuning speed allows to achieve a high interrogation bandwidth and
good S/N of the measurement values
• The integrated modulation capabilities can be used to implement multiplexing
and high resolution interrogation schemes
3.3 Goals of the research
In order to evaluate these prospective capabilities of a Y-Branch laser based interro-
gation system, especially regarding the problem of mutually exclusive performance
demands, it is necessary to investigate the aspects of Y-Branch laser control more
profoundly. This can be broken down to the following tasks:
• characterize the tuning behaviour of a Y-Branch laser
• formulate a tuning model of the Y-Branch laser
• ﬁnd architecture outlines of a wavelength controlling loop scheme capable of
quasi-continuous tuning of the laser using the tuning model
• characterize the modulation behaviour of a Y-Branch laser
• ﬁnd modulation schemes and associated system architectures capable of com-
bining high resolution FBG interrogation and large array multiplexing
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4 REAL WORLD MEASUREMENT SCENARIO
4.1 Objective
The objective of the experimental program was to provide a challenging measure-
ment scenario similar to one encountered in a real SHM situation with the ease
of access and controllability only an experiment based in a laboratory allows. As
mentioned in chapter 3, the objectives of the experimental program were to provide
a sound knowledge basis for devising novel signal processing concepts by
• gaining experience with the standard procedures used in the setup and oper-
ation of a realistic ﬁberoptic structural sensing system
• elucidating limiting aspects of the state of the art techniques.
After that, the design of the experiment allowed it to be used as a test-bed for
applying and evaluating the novel concepts to be elaborated.
4.2 Scope
This proof-of-concept experiment focused on high resolution sensing of pre-stress
losses in post-tensioned concrete blocks by strain and displacement sensors. Half
of the concrete specimen were left unloaded, while the other half was tensioned,
allowing the observation of diﬀerent rates of shrinkage, pre-stress loss and creep.
The experiment setup without the associated instrumentation is shown in Fig. 4.1.
Mortar Mortar
Mortar MortarConcrete
Concrete
Concrete
Concrete
unloaded specimen
loaded specimen
tensioning bar
locknut
steel plates
Fig. 4.1: Simpliﬁed Setup of the Concrete Specimen Real World Experiment (In-
strumentation not shown)
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4.3 Specimen
4.3.1 Specimen dimensions
The 8 test specimen are each of 150x150x700mm3 size and were cast with 2 longitu-
dinal triangular grooves, 7mm wide and 5mm deep, one on each lateral face of the
specimen, into which FBG sensing ﬁbers are glued. Half of the specimen were cast
with a longitudinal hole for insertion of a post-tensioning bar, while the other half
have no longitudinal hole. Fig. 4.21 shows a drawing of one such specimen.
Fig. 4.2: Specimen Conﬁguration
4.3.2 Concrete mix designs
Two diﬀerent concrete mix designs were used in order to be able to observe the
diﬀerence in shrinkage and creep during the experiment. The ﬁrst mix was a concrete
with a normal gradation of aggregate (up to 20mm stone). The following Fig. 4.32
shows the grain distribution curve of the concrete mix containing stones.
The second mix contained only concrete and sand and no coarse aggregate. This
mortar mix was expected to experience higher pre-stress loss due to higher shrinkage
and creep in the concrete. A 7 day compressive strength test was conducted on
cylinder samples cast from both concrete mixes. The concrete showed a strength of
33 N/mm2, the mortar showed a strength of 31N/mm2.
1Drawing courtesy of Prof. Dr. Richard J. Schmidt, University of Wyoming, USA
2Diagram courtesy of Prof. Dr. Richard J. Schmidt, University of Wyoming, USA
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Fig. 4.3: Grain distribution curve
4.3.3 Specimen arrangement and post-tensioning bar
The experiment was set up on a custom made wooden cart that allows 2 groups
of 4 concrete blocks each to be positioned such that the post-tensioning bar could
be inserted into one of the groups. While the non-tensioned specimen may have
slight irregularities on their end faces, the specimen designated for tensioning have
to have a level and even surface in order to stand the tensioning force without any
cracking due to uneven distribution of force. Therefore these blocks were cast with
integral steel endplates. Embedment studs on the inside faces of all end plates
prevent bond loss, while hemispherical recesses in the outside faces provide seats for
the threadbar nuts. By tensioning all 4 concrete specimen with one steel bar, all
specimen are loaded with an exactly equal force. As tensioning bar, a Dywidag SAS
26.5 threadbar is used. The threadbar nuts have slots milled in the hemispherical
seats to route the sensing ﬁbers through that are glued on the tensioning threadbar.
Fig. 4.4 shows the 8 concrete blocks arranged on the wooden cart just after the
ﬁrst LVDT displacement transducers were mounted. The steel endplates show some
corrosion due to underwater storage of the specimen.
4.4 Instrumentation
4.4.1 FBG Sensors on post-tensioning bar
The post-tensioning threadbar was instrumented with two FBG sensor ﬁbers glued
approximately 50cm near one end of the bar. Since the cross section of a Dywidag
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Fig. 4.4: Specimen on wooden cart
tensioning bar is slightly oval, the bar was rotated so that the ﬂat side of the bar
faced upwards. Following the necessary surface preparations (light ﬁling, cleaning
with IPA), the two ﬁbers were positioned on the bar, and temporarily ﬁxed with
adhesive tape (Fig. 4.5). A two component epoxy resin (Akemi Akepox 2010) was
then applied and covered by a layer of adhesive tape to equalize the resin layer.
This ensured easy insertion into the hole in the specimen by ﬂattening out any
irregularities that might otherwise protrude. The two FBG sensing ﬁbers were not
spliced together on the bar, but routed outside via the slot in the threadbar nut
where they were spliced directly to a ﬁber coupler. This safety measure was to
assure that if one ﬁber would break, the other FBG sensor would still be accessible.
Dywidag bar
Epoxy resin
FBG sensing fibers
Adhesive tape
Fig. 4.5: Tensioning bar cross section with FBG ﬁbers
4.4.2 FBG Sensors on the concrete specimen
Each lateral face (side) of a concrete block was instrumented with two FBG sensors
to measure compressive strain. Four sensors are used per specimen. Having a set
of sensors on each opposing side of a block allows observation of bending. On each
side, one FBG sensor ﬁber was bonded inside the longitudinal groove. The second
FBG sensor was spot bonded approximately 2 cm adjacent to the groove on the
surface of the concrete block. All FBG sensors were oriented longitudinal. In order
to be able to measure compressive strain, the FBG sensors had to be pre-tensioned
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during application. For this purpose a tensioning ﬁxture was constructed and used
to apply a suﬃcient expansive strain well above the compressive strain anticipated
to occur in the specimen during the experiment. A two component epoxy resin
(Akemi Akepox 2010) was then applied and the tension in the ﬁbers held during
curing. Fig. 4.63 shows the FBG and LVDT instrumentation on the specimen.
Fig. 4.6: Specimen with FBG sensors and LVDT transducer
4.4.3 LVDT Sensors on the concrete specimen
In addition to the FBG sensors, each lateral face (side) of a concrete block was in-
strumented with two Linear Voltage Diﬀerential Transformer (LVDT) displacement
transducer sensors to measure the decrease in specimen length anticipated to oc-
cur during the experiment. The sensors used (Schaevitz E200) were coupled to the
specimen by a stainless steel extension wire which is held under tension by a spring.
The wire ﬁxing point as well as the holder for the LVDT sensor were machined from
aluminum and glued on the concrete using epoxy. The following Fig.4.7 shows an
LVDT mounted on a block, prior to application of the ﬁber sensors.
4.5 Data Acquisition
The measurement data was gathered by a custom data acquisition system I de-
veloped developed around a small embedded system based on a Samsung ARM9
processor. Running an embedded version of a Linux operating system, the nec-
essary data collection software could be written to perfectly suit the requirements
3Drawing courtesy of Prof. Dr. Richard J. Schmidt, University of Wyoming, USA
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Fig. 4.7: Specimen with LVDT transducer
and provide high ﬂexibility for future projects requiring extensive data collection.
The embedded system running the data acquisition software was connected to the
measurement data sources via two channels: Ethernet and an RS232 connection.
Ethernet was used for all Fiber Sensor data, while all LVDT displacement transduc-
ers and One-Wire temperature sensors were collected via a so-called analog frontend
board. On this custom developed board, a microcontroller gathered the measure-
ment values of all connected sensors together and formed data packets that were
then sent to the ARM9 Linux system for logging. This approach separated the
tasks of logging and data collection using a simple data transfer protocol between
them, greatly facilitating even major changes in the connected sensor networks.
Utilizing a standard Linux Operating System as platform provided the possibility
to integrate a FTP-Server for easy access to the measurement data as well as a
HTTP Server for fast and simple access via an Internet-Browser. The embedded
system this way evolved from a data logger to a web-connected data logger, and
was therefore quickly named “Webdatalogger“. Even though not essential for an
experiment setup up inside a laboratory, this easy access to the data acquisition
system for data retrieval as well as maintenance is a valuable feature that becomes
vital if such a system is to be set up in remote locations such as described earlier
3.1. The following Fig. 4.8 shows a block diagram of the data acquisition system.
4.5.1 FBG Sensors
The 32 FBG sensors on the concrete blocks and the two sensors on the tensioning bar
were connected to a Smartscan04 FBG Sensor interrogator (Datasheet [32]) made
by Smartﬁbres UK [31]. All sensors on the specimen were spliced together such that
three sensor networks are formed. Each of the networks contained between 10 and
12 sensors distributed equally over the wavelength range of the interrogator. The
two FBG sensors on the tensioning bar were coupled together by a 1:1 ﬁber coupler
and connected to the fourth channel of the interrogator. All optical networks have
additional access via couplers for experimental interrogators.
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Fig. 4.8: Data acquisition block diagram
The interrogator was connected to the ARM9 Linux data collecting system via
Ethernet. Measurement data were sent as UDP Packets and processed by custom
written software.
4.5.2 LVDT displacement transducers
Each Block was instrumented with 2 Schaevitz E200 LVDT displacement transducers
measuring the length change of the specimen. Each transducer was connected to
an Analog Devices AD630 based signal conditioning circuit developed by myself
delivering a voltage level proportional to the position of the LVDT core. This voltage
output was connected to general purpose 24 Bit ADC Boards via diﬀerential wiring.
The ADC-Boards were connected to the analog frontend board which controled the
ADCs and retrieved the sampled data.
4.5.3 Temperature sensors
Each concrete block was instrumented with a high resolution digital temperature
sensor (Dallas Semiconductor DS18B20) glued to the center of one lateral face of
the block (Fig. 4.11). The sensors were covered with a small cube of styrofoam to
minimize the thermal inﬂuence of air movements inside the laboratory. The sensors
of all 8 blocks were connected to the analog frontend board via a One Wire digital
serial bus and provide a resolution of 1/16th degrees Kelvin.
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4.5.4 Hydraulic load cell
A conventional hydraulic load cell with gauge indicator and a Range of one Meganew-
ton was mounted on the tensioning threadbar and measured the tensioning force
development during the experiment. The load cell had no electrical readout and
had to be observed manually. However, since the tension loss was a very slow pro-
cess anticipated to last several months, reading the gauge once a week was suﬃcient.
4.6 Test Protocol
After having been cast in March 2011 by our project partner Bilﬁnger Berger, the
concrete specimen were stored underwater until mounting of the ﬁrst instrumenta-
tion devices started in August. This prevented the specimen from shrinking due to
drying. Delays in the delivery of crucial components delayed completion of instru-
mentation until the end of November. After veriﬁcation of the correct operation of
the data acquisition system, the experiment was started by tensioning the threadbar
on 8th December 2011 to a force of 455 kN.
4.7 Observations
4.7.1 Measurements prior to tensioning
Initial measurements were already taken during the gradual process of instrumenting
the concrete specimen. Although not all sensors were operational at that time,
shrinkage due to drying could be observed with the FBG sensors already mounted on
the specimen. The following Fig. 4.9 shows the development of the FBG Wavelength
of an FBG sensor glued in the groove of one of the non-tensioned specimen over an
8 day period.
The curve shows the inﬂuence of minute temperature changes in the laboratory
during normal workdays (ramps in the center) and on weekends (on the sides).
Superimposed to the temperature induced ramps is the strain development caused
by shrinkage.
The temperature inﬂuence is visible very well when curves of FBG sensors and
the temperature sensors are compared. Fig. 4.10 shows such a diagram put to-
gether from the data gathered from the temperature sensors and FBG sensors of
two concrete specimen. Both specimen are non-tensioned and situated about 1.3m
apart.
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Fig. 4.9: Temperature inﬂuence on strain measurements
Fig. 4.10: Temperature vs. FBG Wavelength ﬂuctuation
Combining the curves of all 8 temperature sensors in one diagram shows the
relatively close matching temperatures of the concrete specimen (Fig. 4.11).
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Fig. 4.11: Temperature curves of all 8 specimen
4.7.2 Measurements during and after tensioning
Of course, the development of strain and specimen length is most interesting during
the application of the post-tensioning force. The tensioning was therefore carried
out in increments with suﬃcient time between the steps to allow settlement of any
values and to record enough data.
Application of the tensioning force was done using a special ﬁxture including a
hydraulic cylinder. Hydraulic pressure was generated by an electric pump with a
calibrated pressure gauge.
After ﬁnishing tensioning with a slightly higher than needed compressive force
for the ﬁrst time, it was observed that the force did not remain although the locking
nut was properly tightened. The bar was tensioned for a second time, and this
time the nut was tightened after each increment of force. As the tensioning force
remained on its target level this time, it is assumed that the nut might have jammed
in the tensioning ﬁxture, simulating a properly seated nut.
Fig. B.1 shows the development of the FBG Wavelength of one of the FBG
sensors during this process. Fig. B.2 shows the reduction in length of one specimen
during tensioning. The curve was measured with one of the 2 LVDT displacement
transducers. The concrete block was compressed by 320 μm. Using
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ε = Δλ
kλBragg
. (4.1)
with the FBG scaling factor k = 0.78 to calculate the strain sensed by an FBG
from the measured Wavelength shift, it is possible to determine the elastic and creep
strain caused by the tensioning force. Due to their size and number, the diagrams
generated from the measurement data can be found in Appendix B.
4.7.3 Measured and estimated strain
The tensioning force causes the FBG Wavelength to shift by 850 pm, which cor-
responds to an elastic strain of 695 μstrain. Regarding the creep strain developed
during the day following tensioning, a wavelength shift of 230 pm was observed
(Fig. B.4) This corresponds to a creep strain of 188 μstrain. These measurements
are close to initial estimates calculated by Prof. Dr. Richard J. Schmidt (University
of Wyoming, USA) during the planning phase of the experiment. A comparison of
the estimated and measured data is shown in the following table 4.1.
Tab. 4.1: Concrete Strain Estimates (μstrain)
Days after
postten-
sioning
Elastic
shortening
strain (381
kN)
Elastic
Shortening
Strain (455
kN)
Creep
Strain (381
kN)
Creep
Strain (455
kN)
1 616 736 148 177
25 616 736 666 795
180 616 736 1131 1350
4.8 Evaluation of the Results
4.8.1 Measurements during the continuous logging phase
using the SmartScan04 Interrogator
Regarding the measured data during the time the creep and shrinkage strain was
continuously recorded, the experiment conﬁrmed the values that were estimated
during the planning phase. The measurement further illustrated the high strain
resolution of FBG as well as their temperature sensitivity and allow to compare two
diﬀerent schemes of embedding FBGs.
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4.8.2 Measurements during the small wavelength shift phase
using the experimental Interrogator setup
In the later state of the experiment, when the slope of the strain had become minute,
it was occasionally disconnected from the continuous interrogation and logging sys-
tem and measured using the experimentalMG-Y Laser setup as a source of realistic
ultra small wavelength shift stimuli. This proved to be of special value regarding
measurements to assess the accuracy and stability of the custom developed laser
control system (e.g. measurements such as shown in Fig. 7.6).
4.8.3 Experimental Setup and Operation
The process of setting up and operating the experiment allowed to gain experience
in the practical aspects of ﬁber optic sensing. Of special interest for this work were
issues that can be addressed through novel advanced interrogation methods.
Sensor Network Size and Multiplexing
With a total number of 34 FBG sensors, the experiment showed that for large
installations, multiplexing of FBG sensors not only is convenient but also be-
comes crucial if a sensing installation is to remain within reasonable structural
complexity. State of the art solutions often employ ﬁberoptical switches to
multiplex the various branches (4 in the described experiment) of the sensing
network, each consisting of a set of FBGs (between 6 to 12 in the presented
experiment) with wavelengths suitably spaced to make best use of the inter-
rogators operating spectrum. This approach, while straightforward, makes
setting up a ﬁber sensing network not only a task for highly qualiﬁed personel,
but also results in high costs due to the need for custom made FBGs with
the required wavelength spacing. Depending on the sensing application, the
limited number of FBGs per sensing network branch is the cause for extensive
optical wiring harnesses.
Sensor Interrogation Bandwidth
Having its 34 FBG sensors connected to 4 interrogation channels resulted in
only a fourth of the interrogation speed beeing available since the interrogator
did scan the 4 channels sequentially. For larger installations this issue may
become much more severe, especially if ﬁberoptical switches have to employed
to expand the network size. The mechanical switching usually takes on the
order of tenths of milliseconds, massively increasing the time between two
measurements.
Sensing resolution
The experiment provided measurement values that gradually decreased in
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magnitude over time, eventually disappearing in the noiseﬂoor of the FBG
interrogator. It therefore presented a very challenging measurement scenario
that increased in diﬃculty as time progressed. For such measurements, high
resolution can be achieved by averaging larger numbers of samples. This was
performed on the experiment data during data analysis after the experiment.
4.9 Conclusions
The experience acquired in the described longterm test of concrete behaviour pro-
vided excellent conditions for learning how to set up and operate FBG based sensor
networks. This concerns both the ﬁber-optical technology and the acquisition and
processing of data. The results clearly indicated superior performance of the ﬁber-
based technology over conventional sensors.
The experimental results regarding the sensing system operation indicated and
conﬁrmed that the continuing research in my doctoral project - which had from the
very beginning been given the goal of achieving increased interrogator performance,
especially in multi-sensor networks - should have its focus above all on the following
criteria:
• Interrogation bandwidth
• Strain resolution and noise
• Sensor multiplexing
The key component allowing to achieve improvements in all three categories si-
multaneously is a tunable laser source with high tuning agility, such as the MG-Y Laser.
The experiment thus conﬁrmed the goals of my dissertation (set in chapter 3) by
proving that investigations in improved MG-Y Laser tuning methods are necessary
to pave the way towards FBG Interrogation systems of substantially higher perfor-
mance.
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5 CHARACTERIZATION OF Y-BRANCH LASER
TUNING BEHAVIOUR
5.1 Fundamental working principle
I had made clear in the previous chapters that data acquisition concepts based on
wavelength agile lasers promise to be much superior than the conventional read-
out schemes based on broadband sources . Fortunately, a novel laser type called
MG-Y Laser became commercially available during my work on this topic, thus
giving me the chance to investigate the usability of this novel device as the major
component in a FBG readout system. As a ﬁrst step, I will describe the operation
of this laser type with emphasis on its tuning behaviour.
The tuning process of the Y-Branch laser utilizes the Vernier eﬀect and can be
best introduced by having a look at its construction. Basically, the Y-Branch laser
is obtained by substituting the reﬂecting section of a DBR Laser by an arrangement
of two electrically tunable reﬂection sections (modulated gratings) and a Multimode
Interference (MMI) coupler. Fig. 5.1 shows a simpliﬁed schematic view of the
semiconductor structure. The device is fabricated from a single semiconductor chip.
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Fig. 5.1: Simpliﬁed semiconductor structure of a Y-Branch laser
The two reﬂector sections are coupled to the gain section of the laser by a multi-
mode coupler such that a Y shaped structure is formed. The device is named after
this structure and can be found in publications under the name MG-Y Laser.
5.1.1 Tuning via reﬂector currents
Each of the reﬂectors has a repetitive reﬂection pattern with properties determined
by the (compared to an FBG rather long) period of the refractive index modulations.
The spectral distance between the reﬂective peaks is chosen slightly diﬀerent for the
two reﬂectors, such that if both are superimposed, only one reﬂection peak of each
reﬂector can overlap with a reﬂection peak of the other reﬂector. At the multimode
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coupler, the responses of both reﬂectors collectively form one half of the resonator
reﬂector for the adjoined laser gain section (Fig. 5.2). This makes it possible to
operate the laser at any wavelength of the spectrum where the responses of the two
reﬂectors can be aligned.
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Fig. 5.2: Individual and combined reﬂection of the two reﬂectors
If the reﬂective peaks of the reﬂectors are numbered consecutively according to
their spectral position as shown in 5.2, the following Fig. 5.3 shows how the laser
wavelength changes depending on the tuning currents of the left and right reﬂector.
The lines labeled R1L1 to R7L7 represent areas where the corresponding reﬂector
peaks Rn and Ln are spectrally aligned.
Now the position and spacing of the reﬂector reﬂectivity peaks can be chosen
such that the tuning ranges covered by the lines of alignment adjoin in a gapless
manner, providing full coverage of the desired wavelength range.
By varying the two tuning currents in a synchronous way such that both currents
follow one of the lines RnLn, the reﬂective peaks remain aligned and continuous
tuning becomes possible. As the reﬂective peaks of the reﬂectors have a certain
spectral width, the tuning currents need not be on the lines of alignment with very
high precision. Much rather, the lines of peak alignment can be seen as the center
of a track within which peak alignment is suﬃcient for laser operation.
5.1.2 Longitudinal cavity modes and Phase tuning
For the sake of simplicity, so far we have considered the laser tuning mechanism
without taking into account that in the laser resonator, as with practically every
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Fig. 5.3: Lines of alignment (tracks) of the reﬂector reﬂectivity peaks RnLn
laser, longitudinal cavity modes exist. It is thus in reality not possible to achieve
continuous tuning along the reﬂector alignment tracks without the laser jumping
from one cavity mode to the next adjacent cavity mode.
This has several consequences:
• Discrete operating areas form along the alignment tracks where a cavity mode
is centered
• Laser output power will vary within the discrete operating areas, with a power
maximum indicating a centered longitudinal cavity mode
• At the boundary regions between two adjacent cavity modes, laser operation
is unstable (i.e. several modes may be present at the same time).
This splits the laser operating tracks up into a multitude of operating areas,
where the laser emitts single mode light with high Side Mode Suppression Ratio
(SMSR) (Fig. 5.4). Due to the fact that inside the operating areas a maximum of
optical power marking the center of the area is present, measured data visualized
in diagrams may optically resemble a map of islands or ﬁsh scales. For this reason,
the operating areas have also been termed islands or scales. In this document the
terms island or operating area will be used.
The fact that the tuning tracks are divided into islands with boundary regions
of unstable non-singlemode laser operation between adjacent islands would make
continuous tuning impossible if no additional means of manipulating the resonator
cavity was provided. The easiest way to achieve this is to introduce an adjustable
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Fig. 5.4: Detail of one of the tuning areas located on one of the tuning tracks
section into the resonator that allows to alter the delay a lightwave experiences
passing through it (Fig. 5.5). The section is thus called the phase section because
it provides a means of adjusting phase delay in the resonator.
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Fig. 5.5: Simpliﬁed Structure of a Y-Branch Laser including a Phase section
Passing current through the phase section decreases the phase shift the lightwave
encounters on its way through the section, thus decreasing the wavelength of the
generated lightwave. This causes the operating area to shift outward in the diagram
toward shorter wavelengths and over the former boundary region where singlemode
operation used to cease (Fig. 5.6). Given proper design of the laser, this makes it
possible to seamlessly stitch together operating areas, achieving seamless coverage
of the entire operating range while maintaining high SMSR.
However, even though the phase section may permit tuning over several cavity
modes, it is still necessary to keep the two reﬂector peaks aligned, else the detuning
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Fig. 5.6: Inﬂuence of current injected into the phase section on the location of an
island
achieved with the phase section may drive the laser outside the reﬂector spectral
range.
Examing the eﬀects so far described using the shift of the operating areas in the
wavelength domain can further clarify the working principle.
As already mentioned, the phase section is a part of the laser resonator that
allows to change the round trip delay of a lightwave circulating in the resonator. It
therefore can be used as a means of ﬁne tuning of the lasing wavelength and to adjust
the resonator such that it accomodates any wavelength selected by the combination
of the two tuning reﬂectors. This can be understood as the combination of two
eﬀects:
• The wavelength selective reﬂection obtained from the combined reﬂection spec-
tra of the two tunable reﬂectors 5.1.1.
• The longitudinal cavity modes 5.1.2 present in the resonator which are an
intrinsic property of any laser that relies on the Fabry-Perot resonator principle
or modiﬁcations of it.
The following Fig. 5.7 illustrates this mechanism by showing the individual spec-
tral characteristics of the involved parts of the laser and their resultant combination
that ultimately governs the laser tuning behaviour.
With the periodic structure of the longitudinal cavity mode gain spectrum and
its wavelength selective properties visible in the lower parts of Fig. 5.7 it is not
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Fig. 5.7: Illustration of the combination of the tuning reﬂector spectral response
and the laser cavity mode characteristics, not to scale.
surprising that measured curves of λ/IPhase (shown in Fig. 5.26 and 5.25) exhibit a
high degree of parallelism.
Thus, three parameters are required to achieve full control of the laser over the
complete operating spectrum:
• Right reﬂector current
• Left reﬂector current
• Phase section current
Apart from the complexity introduced by the fact that 3 tuning currents have to
be administered with high precision and low noise, there are additional eﬀects that
have to be taken into account:
• The reaction of the laser to phase section currents is dependent on the setting
of the two reﬂector currents.
• The laser exhibits tuning hysteresis comparable to that known from DBR
lasers.
43
The ﬁrst eﬀect indicates that a solely Look Up Table (LUT) based approach
to tuning may not be satifactory due to device aging eﬀects compromising tuning
precision over time. Some kind of wavelength regulation loop may be needed.
The latter eﬀect mandates that a suitable algorithm be utilized for applying the
tuning current changes that assures that a desired current level is always approached
using current changes of the same polarity.
5.2 Design of a Y-Branch Laser Characterization
and Experimentation System
5.2.1 Experiment objectives
Current applications of Y-Branch lasers are predominantly utilizing the laser based
on a ﬁxed list of emission wavelength channels, for example in telecommunications
[[5]]. This is mainly due to the complex segmented tuning behaviour which accomo-
dates such a use. However, the laser would be an interesting candidate for use in
laboratory instruments if it could be tuned and stabilized at arbitrary wavelengths.
The high tuning speed could be used to implement a fast wavelength hopping ca-
pability. This is an especially interesting aspect regarding applications in FBG
interrogators, where also the FM modulation capability might enable new FBG mul-
tiplexing systems [[17],[23]]. Thus, apart from enabling thorough characterization
measurements of the tuning behaviour, an experimentation system was developed
in order to provide an environment facilitating investigation of the advanced tuning
system architectures necessary for aforementioned applications.
5.2.2 The Syntune S7500 Y-Branch laser module
The experimentation system was designed around a Finisar S7500 Y-Branch laser
module (Fig. 5.8). Originally designed for telecommunication applications, this
module incorporates an Etalon1 with a FSR of 50 GHz to lock the emission wave-
length to ITU grid communication channels. A SOA allows to vary the output power
between 13 dBm and almost zero in case the SOA is reverse biased. Additionally
to the two reﬂectors and the main laser gain section already presented in Fig. 5.1,
the S7500 laser utilizes a phase section to allow seamless stitching of the operating
areas as introduced in the previous chapter.
1Etalon denotes a Fabry Perot interferometer without tuning capability and thus, ﬁxed Free
Spectral Range (FSR). It is usually made of a thick glass plate with mirrors on both surfaces
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Fig. 5.8: Block diagram of the S7500 tunable laser package
5.2.3 System overview
In order to maintain a maximum of ﬂexibility, the experimentation system (Fig. 5.9)
was built around a Xilinx Virtex 5 FPGA which provides ample space for reasonably
complicated signal processing. The interface to the laser consists of combinations of
current output DACs to enable high resolution, low noise and fast tuning. All lines
connected to the laser module had to be protected by a multitude of supervisory
circuits 5.2.7 that are capable of completely grounding and shutting down the laser
within less than 1 μs. Extensive diagnostic and control access to the driving and
protective circuits through several ADCs and control registers is possible via an
SPI interface connected to the FPGA, allowing thorough and tight control of all
operation parameters of the laser.
The circuit boards of the experimentation system were designed for direct at-
tachment to a Digilent Genesys Virtex 5 Board and can also be used to drive other
semiconductor lasers. Fig. 5.10 shows the system in operation. The Syntune S7500
laser module is the small gold plated box mounted to a milled aluminum block visi-
ble in the lower left corner. The laser module is connected to the driver, protection
and current source circuit board. The adjacent circuit board in the middle contains
the current source output DACs that drive the tuning sections. The board to the
right is the Digilent Genesys Development board which is based on a Xilinx Virtex
5 FPGA (the big silver square in the middle). All boards were mounted to a 10 mm
thick aluminum plate for mechanical stability and shielding purposes.
In the following paragraphs, the various circuit blocks of the designed system
will be presented in detail.
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Fig. 5.9: Block diagram of the experimentation system
Fig. 5.10: Top view of the experimentation system
5.2.4 Temperature stabilization
Before starting up the laser, the thermally stabilized subassembly has to be brought
to the normal operation temperature of ca. 300 K. For good stability of the lasing
wavelength and other parameters of the laser, the subassembly temperature then has
to be kept constant. Depending on the demands on stability, permissible ﬂuctuations
may be as low as tenths of a degree Kelvin. For this purpose, a thermoelectric
cooler (TEC) was mounted underneath the subassembly. A thermistor provides
feedback of the subassembly temperature to the temperature control loop. As the
temperature control loop itself is no subject of investigation, a standard circuit
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based on a special TEC temperature controller IC (Maxim MAX1968) was used.
The desired temperature value is programmed via a control voltage from a slow
DAC connected to the FPGA via SPI.
5.2.5 Laser gain section and SOA driving circuits
The laser gain section and the SOA section are driven by conventional programmable
current sources constructed from low noise operational ampliﬁers and bipolar tran-
sistors as current passing element. The current sources are controlled by a steering
voltage from an associated DAC. The DAC can be set via the FPGA which in turn
may receive control data from a host computer.
5.2.6 Reﬂector and Phase section driving circuits
In order to be able to investigate a wide variety of laser operating conditions, the
driving circuits for the two reﬂectors and the phase section (Fig. 5.11) were designed
to be capable of generating precisely metered operating currents with high resolution
while at the same time allowing modulation to be carried out directly via the tuning
DACs or via dedicated modulation DACs. All DACs utilized in the driving circuits
are current output DACs and can therefore directly be utilized to drive the laser
tuning sections provided that their output current range is matched to the laser
section requirements and maximum permissible values. For the DACs utilized for
this purpose in the experimentation system, Texas Instruments THS5671A were
chosen which provide a maximum current of 20 mA with a resolution of 14 Bit and
125 MSPS update rate.
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Fig. 5.11: Block diagram of the driving circuit for one tuning section of the laser.
Structure is identical for the other two sections.
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The modulation DACs were AC coupled to the Laser tuning sections via con-
trolable ampliﬁers which allow 60 dB of dynamic range. The modulation DAC thus
does not need any digital or software based level control, keeping its full dynamic
range available for all levels of modulation depth. A Bias Tee combines the direct
currents of the tuning DACs with the AC modulation DACs. Resistive impedance
matching allows to reduce adverse time domain reﬂection eﬀects between the laser
tuning secton and the modulation Ampliﬁer. The digital side of the ﬁne and coarse
tuning DACs was connected to the FPGA through a parallel bus. This enables both
refreshing all DACs connected to the bus as well as only individual DACs, increasing
the available data rate for these DACs. A system incorporating a wavelength lock-
ing loop may make use of this ability to quickly make ﬁne adjustments of the laser
operating wavelength. Also, a signal generated by digital signal processing may be
directly modulated on the laser wavelength through this feature.
5.2.7 Laser protection circuits
Semiconductor lasers in general and especially the Y-Branch laser are very delicate
and valuable components. Even minute erratic energies above the allowed limits
may cause destruction or permanent damage of the laser if discharged into the laser
or the tuning sections. In order to protect the considerable investment a state of
the art lasermodule constitutes, the protection circuitry was given special attention
in the design of this experimentation system.
Protection concept and shutdown devices
The protection system has the task to keep the laser in a safe state during opera-
tion, cutting oﬀ any input current in case a fault condition is detected. Apart from
that, the system also has to ensure that even in the non operational state of the
experimentation system, the laser remains optimally protected from currents caused
by for example electrostatic discharge into the driving circuits or currents arising
from wrong connection of cables. The latter requirement is best solved by shorting
the laser section with relays that have to be actively switched on to open the short
circuit. To provide quick shutdown in the operational state, the laser sections are
actively shorted by Metal Oxide Semiconductor Field Eﬀect Transistor (MOSFET)
transistors. Fig. 5.12 shows the relay and transistor circuit utilized in the exper-
imentation system. The control of the relay and the MOSFET transistor is done
by a CPLD that evaluates the signals of the various fault detection circuits and
coordinates a fast and controlled shutdown.
The CPLD is connected to the FPGA via a SPI link. This allows not only
direct control of the shutdown and protection circuitry but diagnosis and logging of
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Fig. 5.12: Simpliﬁed circuit diagram of the laser shorting circuit
a shutdown for subsequent fault analysis. All laser tuning sections (Right and Left
Reﬂector, Phase) as well as the laser gain section and the SOA are protected by
this system. The logic inside the CPLD monitors the state of several fault condition
detector circuits for each section of the laser: overvoltage, static overcurrent with
slow rise rate and dynamic fast rising overcurrent.
Overvoltage detector
The overvoltage detection circuit (Fig. 5.13) is mainly targeted towards scenarios
where a loose connection to a laser section could cause rapid jumps in voltage due
to intermittent contact loss. If the laser driving current source rapidly rises in
voltage due to such a fault, the laser may experience high inrush currents once the
connection closes again. In order to detect a voltage above the normal operation
level of the laser section, a high speed comparator (AD8764) was used to compare
the voltage at the laser to a preset maximum level.
Fig. 5.13: Circuit diagram of the overvoltage detector
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Static overcurrent detector
The slow rise overcurrent detector (Fig. 5.14) protects the laser section against
general malfunction of the driving circuits, for example defects of the current source,
DAC, or power supply. Any current ﬂowing through the measuring shunt resistor
that exceeds a preset level generates a logic trigger signal.
Fig. 5.14: Circuit diagram of the static overcurrent detector
Dynamic overcurrent detector
A sudden increase in driving current may occur for example due to electrostatic
discharge into the driving electronics, loose connections, short circuits or DAC cur-
rent source failure (direct connection to power supply). In either case the static
overcurrent protection may be too slow acting in order to protect the laser and the
overvoltage detector may only signal a fault condition at levels that are already
fatal for the laser. Therefore, a dynamic overcurrent protection circuit (Fig. 5.15)
was designed that monitors fast changes in the driving current, signaling a fault
condition if a preset level is exceeded.
The circuit compares the voltage drop along a shunt resistor (R2) to a preset
voltage drop along a reference resistor (R1). In case the AC coupled signal from the
shunt resistor is larger than the reference level, the comparator trips.
5.3 Optical Setup of the Experiment
5.3.1 Requirements for Wavelength measurement
To get a profound knowledge about the tuning characteristics of the laser, it was
necessary to be able to monitor not only the generated wavelength and power but
also other phenomena that may be present. Since it is a crucial component of the
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Fig. 5.15: Circuit diagram of the dynamic overcurrent detector
characterization task to cover all possible combinations of tuning currents, the laser
may and will be driven into modes of operation that produce a non-ideal spectrum.
This will be especially the case at the boundary regions between the individual
areas of operation (cf. ch. 5.1). Particularly, it must be expected that the laser
will operate on several wavelengths at the same time when, for example, the two
reﬂectors are not properly aligned. The measurement system was therefore designed
to be able to recognize and document such conditions.
Particularly, the following properties were given importance:
• Wavelengths of all generated peaks in the spectrum
• Power of the individual peaks in the spectrum
Thus, a pure means of wavelength measurement such als an FPI or a Waveme-
ter2 alone was considered not to be suﬃcient. It was therefore decided to use an
optical spectrum analyzer together with software to detect and document the spec-
trum generated. Since optical spectrum analyzers are usually based on the priciple
of a diﬀraction grating and a linear detector array with a ﬁnite number of pixels,
the available precision is inferior to interferomentry based instruments capable of
only measuring the wavelength. However, specialized optical spectrum analysis so-
lutions exist for telecom applications in the communications C-Band that provide
resolutions in the 1 pm range. This can be considered adequate for the desired mea-
surements since it must be expected that eﬀects of device aging or drift in the driving
electronics will be of larger inﬂuence on the laser characterization measurements.
2Interferometry-based instrument for measuring the precise wavelength of a lightwave
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5.3.2 Realized Spectrum Analysis Setup
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Fig. 5.16: Block diagram of the optical and data acquisition part of the experimen-
tation system.
The output of the S7500 laser module was connected to a ﬁber coupler to split
the lightwave up and feed it to two spectrum analyzers (Fig. 5.16). High preci-
sion measurements were obtained by a BaySpec FBGA Spectrum Analyzer module
that was connected to a PC running the main LabView based experiment control
and data acquisition program. A programmable attenuator (JDS Uniphase Model
HA9) provided a means of adjusting the power level at the BaySpec spectrum ana-
lyzer module to prevent saturation. The second spectrum Analyzer was a Hewlett
Packard 71450B, a general purpose instrument allowing to observe the progress of a
measurement run. The spectral resolution of this unit for wavelength measurements
is on the order of 50 pm and thus only adequate as a means of experiment supervison
instrument showing the current state of the laser. This has been proven to be of
great value for troubleshooting the experiment.
5.3.3 Requirements for Power measurement
Since one of the main objectives of the experiments was the precise localization of the
tuning areas, measurements of emitted optical power had only to be of high precision
regarding relative measurements. Accurate measurements of absolute power were
not required for this purpose. The optical power available from the laser is subject
to the setting of the SOA, so any absolute value measurements will be only valid
for the one setting of SOA current at which all experiments were conducted. This
reduces the value of such measurements considerably, so no provision was made to
include absolute value measurements in the standard measurement setup used for
the characterization of the laser.
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5.3.4 Realized setup for optical power measurement
Internal Reference Photodiode
The emitted power of the laser was measured by monitoring the current of the
internal reference photodiode. This provided a simple yet very accurate value for
the laser power. As the reference photodiode current however was not calibrated to
a power standard, it provided no absolute measure of actual power available at the
laser output.
Since measurement of the current was done via a Transimpedance Ampliﬁer
(TIA) and a linear Analog to Digital Converter (ADC), the linear scaling thus
obtained provides high resolution which is beneﬁciary for the accurate localization
of operating areas.
Peak Power Detection by the OSA Module
To assess the power of various peaks the measured spectrum may consist of, the peak
power measurement capability provided by the bayspec FBGA Spectrum Analyzer
Module is used. Its absolute power measuring precision has been found to be inferior
to measurements of laser power conducted using the reference photodiode current,
but the performance is more than adequate to provide information about which of
the generated spectral components is the dominant one.
5.4 Experiment Control and Data Acquisition Soft-
ware
5.4.1 Overview
The experiment used custom written software both on the host PC for experiment
control and data acquisition and on the FPGA for the hardware interface. A high
baudrate RS232 via USB link connected the FPGA to the host PC.
5.4.2 Software and Logic Structure in the FPGA
Inside the Virtex 5 FPGA, a Picoblaze Softcore microcontroller handles the RS232
control link as well as several means of automated laser control features such as
current pattern generation or LUT implemented in hardware for high speed ex-
periments with modulation. This provides a facility to integrate further functional
blocks in the FPGA so that ﬂexibility for integrating wavelength regulation or FBG
interrogation schemes remains. The logic system thus consists of core components
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providing the command link to the PC as well as all logic needed to set the DAC
controlled current sources to the desired levels. Also, the ADC values from the laser
board are retrieved via a SPI link between the laser board and the FPGA board.
Extended features include subsystems such as an automatic loading controller
that allows to read data from a USB storage device directly into LUTs in the FPGA.
This facilitates experiments with large LUTs.
5.4.3 Host PC Software
The main control and data acquisition program was programmed in National In-
struments LabView. It provides the following functions:
• Control of the laser and optics assembly temperature control loop
• Power supply sequencing for controlled startup, operation and shutdown
• Manual control of the tuning currents
• Ramp generator for the tuning currents
• Equation based ramp current generator for tuning model veriﬁcation
• Control of the BaySpec Spectrum Analyzer module
• Synchronized Data Acquisition using data from the OSA module and the in-
ternal sources such as the photodiodes
5.5 Considerations for Measuring the Tuning Be-
haviour
5.5.1 Objective
Since one of the goals of this work is to assess the feasibility of an analytical tuning
method for MG-Y Laser, it is worthwhile to have a look at possible consequences
for the process of characterization that arise from this intention.
5.5.2 Resolution, Precision and Duration of the Experiment
In order to model the tuning characteristics in the form of equations, it is necessary to
obtain suﬃciently precise information on the location of the operating areas. These
data may then be used to experiment with various types of equations by ﬁtting
the coeﬃcients for optimum accuracy of the model. As the operating areas can be
found by some implementation of a peak search on the data, a high resolution of
the gathered data will lead to high precision of the peak location. While the various
methods for ﬁnding peaks in measured data show diﬀerent behaviour regarding the
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precision they are capable of versus the available volume of data, it is common for
all methods to generally produce better results with higher resolution data sets. It
is thus tempting to ask for a very high resolution of the measured data. However,
given the fact that three variables (the currents for the left and right reﬂector as
well as the phase section) need to be varied through all possible combinations, it
is obvious that in this case the limiting factor for resolution will most likely not
be noise or similar eﬀects, but rather the duration of a measurement run. If, for
example, the device were to be characterized by utilizing only a sixteenth of the full
resolution available from the 14Bit DAC converters of the experimentation system
(i.e. 10 Bits), a total of 210∗3 = 230 measurements would be necessary. Anticipating
a duration of 200ms per measurement as well as continuous and fault free operation,
the time necessary to run the measurement would be approximately 6.8 years. It is
therefore important to cut down on the resolution of the measurement wherever it
is possible to do so with minimal impact on the precision of the model.
5.5.3 Estimation of the value of measurement resolution for
tuning model generation and a ﬁrst coarse outline of
a possible tuning model
To minimize adverse eﬀects of reducing the measurement resolution on the tuning
model accuracy it is necessary to identify the value of resolution for the individual
parameters left reﬂector current, right reﬂector current and phase section current.
Considering the fundamental working principle of the laser, the tuning behaviour
can be best characterized by performing measurements of the emitted wavelength
and power versus the two reﬂector currents. This yields a map of the operating
areas which can then be analyzed usind peak search methods to obtain their precise
location. The location of the operating areas may then be used to ﬁnd polynomials
describing curves which follow the operating tracks outlined in Fig. 5.3. It is obvious
that the accuracy of the tuning model has to be suﬃcient to keep the laser operating
within the tracks, aiming for the center of the tracks. To what extent the laser will
operate properly in case of non-ideal centering in the tracks depends mainly on the
bandwidth of the reﬂectors. Minor misalignment may be tolerable, but since this
aspect can only be adressed based on experiment data, high resolution measurements
have to be considered ﬁrst.
We have so far considered only measurements involving the variation of two
parameters: the left and right reﬂector current. Characterizing the laser tuning
behaviour this way allows to describe the tuning tracks introduced in subsection
5.1.1 analytically. As shown in subsection 5.1.2, current passed through the phase
55
section causes the operating areas to shift outward. From the fundametal working
principle of the device, it can be anticipated that the inﬂuence of the phase section
is of a constant nature for all operating areas.
Since the outward shift of the operating areas caused by the phase section cur-
rent aﬀects all operating areas simultaneously, each measurement that varies the
parameters left and right reﬂector current at a static phase section current will yield
information on the inﬂuence of the phase current setting with high redundancy.
Precisely, as the location of every operating area depends on the phase current, each
operating area will provide the phase information, thus the redundancy of the mea-
surements is equal to the number of operating areas. Since a high periodicity of the
phase section inﬂuence can be expected, this redundancy may be used to increase
precision of the phase section equation. This may be done for example by ﬁnding
average values for the coeﬃcients after proper alignment by oﬀsets.
From these considerations, it was concluded that the measurements for tuning
behaviour characterization are best carried out as follows:
• The dependency of output power (i.e. the current of the reference photodiode)
and wavelength on the tuning currents of the left and right reﬂector should be
measured with high resolution.
• Several of these measurements should be carried out with varying phase section
currents.
This procedure provides high precision for locating the operating areas and thus
modeling the tuning tracks while keeping the required time for a measurement run
within reasonable limits.
If at a later point in time high resolution information about the phase section cur-
rent inﬂuence is required, the measurement can be conducted by sweeping through
the phase section current for each of the operating areas, which is much less time
consuming than a full measurement varying all three tuning currents (see 5.5.2).
5.6 Measurements and Results
5.6.1 Procedures and measured parameters
After ﬁrst tests of the experimentation system had been conducted successfully and
the gathered data had beencross checked with literature, extensive measurements
were performed.
The measurements can be categorized as follows:
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• Volume measurements with a comparatively low resolution of the three tuning
currents for the purposes of overview and characterization of phase tuning
behaviour.
• Array measurements with a constant phase current and comparatively high
resolution of the two reﬂector tuning currents for the purpose of precise oper-
ating area location.
The following Fig. 5.17 illustrates the volume and array structure deﬁned by the
three parameters left and right reﬂector current IL, IR and the phase section current
IP .
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Fig. 5.17: Structure of the measurement data volume
The order in which the parameters were varied was such that the left reﬂector
current was incremented from zero to a desired maximum value, then the right
reﬂector was incremented by one step. This process was repeated to perform a
raster scan pattern until all combinations of the currents IL, IR had been scanned.
After that, the phase section current IP was incremented by one step. This was
repeated until the phase section current reached the desired maximum value.
The volume measurements thus consist of many array measurements of rather
low resolution to keep experiment duration within reasonable timespans. Also, for
most of the volume measurements, the parameter incrementation was chosen to
follow a logarithmic scale to provide higher resolution at low tuning currents.
For each point in the data volume, the following data available from the experi-
mentation system were recorded.
Data from the BaySpec OSA module:
• Wavelength of the dominant emission peak
• Power of the dominant emission peak
• Wavelength of the second most powerful peak
• Power of the second most powerful peak
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• Total peak count
• Total sidelobe power (i.e. all power not in the dominant peak)
Data from the laser module itself:
• Reference photodiode current
• Etalon photodiode current
• Ratio between Reference and Etalon photodiode current
The gathered data volume therefore represented a complete scan of the most rel-
evant operating parameters of the device and thus an ideal basis for further analysis.
As the purpose of the array measurements was primarily the precise location of
the operating areas, they were partly run without gathering wavelength data from
the OSA module. This allowed to speed up the measurement by a factor of ca. 20 to
30 which in turn permitted the gathering of very high resolution data that otherwise
would have taken a very long measurement run to obtain.
5.6.2 Laser wavelength dependence on left and right tuning
currents
The following Fig. 5.18 shows the measurement results of the laser wavelength
mapped to a color scale depending on the two tuning reﬂector currents IL and IR.
The current injected into the phase section was 0 mA. A number of 150 logarithmi-
cally scaled steps of both reﬂector currents were measured ranging from zero to 16
mA.
Fig. 5.18 shows the tuning tracks extending in the form of a fan alongside the
bisectrix from the area of the origin towards the limits of the tuning currents. Note
that the tuning tracks do not pass through the origin but much rather exhibit small
oﬀsets. Another interesting detail can be observed above and below the tuning track
fan, where the fan track structure appears to repeat itself. This indicates that in
those locations, combinations of reﬂector peaks come into alignment that are not
used in normal operation when the laser works within the main tuning track fan.
The color scale to some extent makes the tuning tracks appear to be of uniform
or constant colour; however, this is not the case. If the beginnings and ends of the
individual tracks are compared, the diﬀerence in colour hue becomes more visible.
To increase the visibility of the laser wavelength changes, the following Fig. 5.19
shows the same data as 5.18 in the form of a three dimensional surface plot.
While providing a much better view of the laser wavelength changes than a
colourscale, information loss due to shadowing depending on the viewing angle is an
intrinsic problem of this kind of diagram. Its use is therefore limited to occasions
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Fig. 5.18: Emitted wavelength depending on left and right tuning currents IL, IR,
phase section current IP zero.
where its properties are beneﬁciary to illustrate special diagram features that would
otherwise be diﬃcult to show in a normal two dimensional diagram.
What has been not adressed so far is the linear scaling of the diagram which was
chosen to make the appearance of the diagram consistent with Fig. 5.3, 5.4 and 5.6.
Also, a linear scale makes the nonlinear characteristics of the laser tuning visible
instead of masking them through non-linear scaling. This is especially obvious for
diagrams showing the location of the operating areas such as Fig. 5.20.
Inﬂuence of phase section current on a λ/IL, IR diagram
The phase section has the capability to shift the laser wavelength by a small fraction
of the reﬂector tuning sections. Typically the maximum attainable wavelength shift
is around 300 pm depending on the absolute wavelength the two reﬂectors are tuned
to. As the color scale in Fig. 5.18 covers the full laser operating range of 40 nm
(1528 to 1568 nm), the visibility of the outward shift of the tracks would be very
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Fig. 5.19: Three dimensional visualization of 5.18 for improved visibility of wave-
length parameter
low (less than one tenth of the full colour scale). The inﬂuence of current injected
into the phase section can be observed much better if distinctive points along the
tracks (such as the operating areas) provide an indication of outward movement.
Such diagrams are shown in the following subsection 5.6.3.
5.6.3 Emitted power depending on left and right tuning cur-
rents
The following Fig. 5.20 shows the reference photodiode current mapped to a blue
to red colour scale depending on the the two tuning reﬂector currents IL and IR. A
number of 150 logarithmically scaled steps of both reﬂector currents were measured
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ranging from zero to 16 mA. The current injected into the phase section was 0 mA.
Fig. 5.20: Emitted power depending on left and right tuning currents IL, IR, phase
section current IP zero.
The operating areas introduced in section 5.1.2 clearly show as oval shaped
patches situated along the operating tracks (see Fig. 5.4). An interesting feature
is the slight asymmetry of the areas regarding the location of the point of highest
power. It was anticipated that hysteresis eﬀects could be the reason for this [47],
but this could not be experimentally conﬁrmed by reversing the scanning direction
5.6.1. The resulting diagram did not show any diﬀerences compared to Fig. 5.20
that could be interpreted as indications of hysteresis.
Fig. 5.21 shows the same data as 5.20 in the form of a three dimensional surface
plot.
Note that the viewing angle was rotated to minimize eﬀects of shadowing caused
by the high-amplitude portions of the diagram. The 3D visualization improves the
visibility of the asymmetrical shape of the operating area power peaks considerably.
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Fig. 5.21: Three dimensional visualization of 5.20 for improved visibility of reference
photodiode current
Also, the spacing and power levels of the operating areas in the range of small tuning
currents is much easier to determine.
5.6.4 Areas of singlemode operation
For the purpose of modeling the tuning characteristics, an especially interesting
property of the laser spectrum is whether singlemode operation is present. This
information describes the size of the operating areas through their boundaries and
can be used as a measure of the required accuracy for modelling.
Fig. 5.22 shows the amount of spectral components (peaks) as detected by the
spectrum analyzer module.
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Fig. 5.22: Number of spectral components of the laser spectrum depending on the
left and right tuning section current IL, IR
Not surprisingly the laser exhibits non-singlemode operation in the areas between
the operating tracks, while the transitions between the operating areas remain single-
mode.
Since the areas of non-singlemode operation are comparatively narrow, consisting
only of very few samples adjacent to each other, measurements of the power of the
sideband energy do not provide much information. This is further complicated by the
somewhat sub-optimal amplitude measuring capabilities of the BaySpec spectrum
analyzer module used. The amplitude measurements have been found to be subject
to considerable ﬂuctuations that could not be traced to a particular eﬀect or fault.
This is also the reason why the reference photodiode current was preferred as a
measure of emitted power for all other experiments.
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5.6.5 Integrated Etalon Wavelength Reference
The S7500 laser module incorporates a fabry-perot interferomenter (etalon) as a
relative wavelength reference. The primary intention behind this is to provide a
reference for locking the laser to a discrete wavelength grid such as the wavelength
grid used in Dense Wavelength Division Multiplex (DWDM) deﬁned by the Inter-
national Telecommunication Union (ITU). The free spectral range of the etalon
has therefore been adjusted during production such that it matches the desired grid
spacing of 50 GHz. The following Fig. 5.23 shows the transmission curve of two
Etalons with ﬁnesse F2 > F1. The ﬁnesse parameter depends on the reﬂectivity
of the etalon mirrors and determines the slope of the curve. A high ﬁnesse causes
very steep slopes while the curve of a low ﬁnesse etalon may be of almost sinusoidal
shape.
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Fig. 5.23: Transmission Curve of two Fabry-Perot Interferometers (Etalon) with
diﬀerent Finesse
The ﬁnesse of the etalon integrated in the S7500 Laser module is designed such
that it provides suﬃciently wide slopes yielding a usable wavelength dependent
correction signal for a wavelength regulation system. The steepness is optimized for
wavelength stabilization around discrete channels, thus the etalon exhibits a wide
area between the transmission peaks where the steepness is very low. It is therefore
not very useful as a reference anywhere between the main peaks, making wavelength
regulation over wider spectral ranges diﬃcult or impossible.
The wavelength dependent correction signal used in such wavelength stabilization
schemes as described in [47, 48] is the ratio REtalon between the currents of the
reference photodiode IRefPD and the photodiode mounted behind the etalon device
IEtalon 5.8.
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REtalon =
IEtalonPD
IRefPD
(5.1)
By scaling the etalon photodiode current with the reference photodiode current
the inﬂuence of varying laser power is removed, yielding a signal only dependent on
the wavelength passing through the etalon. The following Fig. 5.24 shows the de-
pendency of the etalon ratio REtalon on the tuning currents of left and right reﬂector
IL, IR
Fig. 5.24: Etalon Ratio REtalon vs. IL, IR at IPhase = 0
If one follows the operating tracks, fragments of the known Fabry-Perot curve
peaks occur as the wavelength changes along the track. However, since the wave-
length does not change in a continuous way along the operating track but is subject
to longitudinal cavity mode eﬀects, jumps in the wavelength occur at the boundaries
of operating areas. These show up as abrupt changes in the etalon ratio.
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5.6.6 Shift of operating areas due to phase section current
As introduced in section 5.1.2, full wavelength coverage is achieved by shifting the
operating areas through phase section current injection. To characterize this pa-
rameter, the movement of the locii of the operating areas was extracted from the
gathered data volume. This was done by localizing all operating areas along a par-
ticular operating track for all increments of phase section current. The shift of the
operating areas could then be plotted as a function of the phase section current.
The following Fig. 5.25 shows this dependency for one of the tuning tracks (cf. Fig.
5.3) of the device.
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Fig. 5.25: Shift of the operating areas of operating track 4 as a function of IPhase
The most prominent feature of the diagram is without doubt the high parallelism
of the array of curves, which appears to be of almost perfect nature. The irregular-
ities and small kinks in the curves are artefacts originating from the peak tracking
algorithm due to insuﬃcient data resolution. It has to be considered here that the
size of the array on which the peak detection is performed was only 150 by 150 points.
Thus, for any application relying on the precise location of the laser operating areas,
a higher resolution in this respect is mandatory. Since this however comes at the
cost of a drastic increase in measurement time 5.5.2, high resolution measurements
can only be performed on a limited number of points regarding the phase current.
Such measurements are utilized in the parameterization of the indirect tuning model
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6.6 which was speciﬁcally designed to require only low resolution regarding phase
section current but high resolution regarding the two reﬂector currents.
Extracting the phase section wavelength shift data for all other operating tracks
and areas gives a similar picture, except that it covers all tuning tracks of the
device. Fig. 5.26 shows the high parallelism of the phase section response for all
tuning tracks.
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Fig. 5.26: Shift of the operating areas of all operating tracks as a function of IPhase
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6 UNIVERSAL ANALYTICAL TUNING MODEL
6.1 Objective
Before any attempts for formulating analytical expressions describing the device
are made, it is important to assess what boundary conditions aﬀect the search for
a tuning model. Such prior considerations not only help to guide the process of
research towards results that are of practical relevance but also raise awareness for
possible future challenges resulting from intermediary ﬁndings. These can then in
turn be directly considered in the work, yielding solutions that address the challenges
in a more broad and holistic way.
As a starting point it is important to assess the current state of art in this special
aspect. From there, various prospective applications can be considered for deﬁning
desirable properties of the tuning model approach.
6.2 State of the Art
6.2.1 Telecommunication Applications
Current approaches [48] of wavelength stabilization for Y-Branch lasers make use of
the integrated etalon to lock the laser wavelength to the slopes of the etalon response
shown in Fig. 5.23. As already mentioned in Ch. 3.2, the intention behind such
architectures is the stabilized operation of the laser on a discrete grid of wavelengths,
as is required in the ﬁeld of telecommunication for DWDM within the wavelength
grid [53] deﬁned by the ITU.
Being of a channel based nature, such wavelength stabilization schemes operate
using a tuning-and-locking algorithm that is divided in a tuning process and a
stabilization or locking process. While the latter, as mentioned, makes use of the
etalon slopes to stabilize the laser wavelength [7], the tuning process relies on a
factory supplied LUT to bring the laser roughly into the range of the stabilization
loop. As soon as this is achieved, the algorithm switches to the stabilization mode
and ﬁne tunes the wavelength to the desired value. Once the desired wavelength is
attained, the SOA is brought up to full power and a signal is given indicating that
the laser is stabilized.
6.2.2 Sensing Applications
It has already been said that there is currently one Interrogator for Fiber Bragg
Grating (FBG) based ﬁber sensing using a Y-Branch Laser available on the market.
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The unit is manufactured by the UK based company Smartﬁbres and sold under
the "SmartScan" product range. In the real world long time sensing experiment that
had been described in Ch. 4 a four channel unit had been selected for reading-out
the FBGs in the four ﬁber strands.
Detailed information about the wavelength regulation and stabilization scheme
employed by the unit could not be obtained from the manufacturer. Therefore the
unit purchased for the experiment was examined brieﬂy in order to get information
about the employed working principle. The motivation behind this was to discover
any potentially unpublished methods of wavelength control and stabilization. For
this purpose, a spectrum analyzer was connected to the sensing ﬁber port of the
interrogator. Integrated over a timespan of 50 ms, the unit emitts an almost rect-
angular spectrum covering the operating wavelength range which appears to be the
result of rapid wavelength hopping. This is consistent with the information which
can be gained from the PC software accompanying the unit. From the readout
of this software it can be concluded that the unit continuously performs sweeps
over the entire operating wavelength range, which in turn consist of small equidis-
tant wavelength increments. The ﬁne wavelength step spacing could be observed
as spectrally equidistant peaks with the spectrum analyzer set to a small spectral
span width, however, due to the insuﬃcient wavelength resolution of the spectrum
analyzer available, a clear separation of the individual peaks could not be conﬁrmed
as the peaks were overlapping to a considerable degree.
No evidence could be found to back any form of continuous tuning. The measure-
ment of λBragg of sensing FBG connected to the unit is apparently done by analyzing
the reﬂected power at the discrete wavelength steps that cover a particular FBG.
It is therefore very likely that the SmartScan unit relies on an etalon based
wavelength stabilization scheme as well.
6.2.3 Synopsis
State of the art systems are based on a LUT for coarse tuning and a control loop
using an integrated etalon for stabilization and ﬁne tuning. This approach has
several distincitve properties:
• Tuning is channel based. Continuous tuning is not possible.
• Channel spacing is deﬁned by the free spectral range of the integrated etalon.
• A LUT for coarse tuning has to be measured for each device during production.
69
6.3 Desirable Properties of a Tuning Model
6.3.1 Continuous Tuning
While applications in the ﬁeld of telecommunications accomodate the channel based
tuning approach, other applications such as ﬁber sensing or special laboratory instru-
ments could beneﬁt considerably from a continous tuning capability. For example,
the high tuning speed of the device could be utilized in a wavelength agile optical
signal generator. Current laboratory equipment employs ECL1 as sources, which
have rather slow tuning speed. Regarding sensing applications, continuous tuning
in combination with the high tuning speed could be utilized in FBG interrogators
capable of improved accuracy, speed and multiplexing (see Chapter 3).
6.3.2 Self Calibration Capability
The etalon based stabilization scheme requires a LUT that holds the tuning pa-
rameters for the desired operating channels. The information stored in the LUT is
obtained during manufacture of the unit and requires the use of a spectrum analyzer
or wavelength measuring instrument. This makes it impossible to repeat the cali-
bration process in the ﬁeld to compensate for aging of the laser or in case of a defect
in the driver system causing the loss of the calibration data. For the manufacturer,
it causes a considerable expenditure in production time for each individual device
as well as the costly investment of the required measurement equipment.
It was therefore considered attractive to investigate whether a tuning model can
be designed in a way that accomodates some means of self calibration capability
using only the hardware already present in the system.
6.4 Fundamental Considerations
6.4.1 Segmentation
From the operating principle it is obvious that any equation based tuning model
must be a composite of a set of equations that cover the individual operating tracks
and areas. This necessitates the introduction of boundaries deﬁning the transitions
between the ranges of the individual equations. The data deﬁning the device char-
acteristics thus consists of matrices containing equation coeﬃcients and boundary
wavelengths.
1External Cavity Laser
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6.4.2 Control Parameter
Regarding the parameter used as the input value of the model, the straightforward
approach is certainly to use the desired wavelength of the laser. However, this draws
the relationship between the tuning currents and the wavelength into the equations.
Since it is predominantly this dependency that is subject to device aging etc. indirect
control of the device via an intermediate parameter yields a much simpler tuning
model that can facilitate processes of later in-system recalibration. This is possible
due to the separation of fundamental tuning processes that are stable by deﬁnition
from the properties of the semiconductor device which are subject to a wide variety of
inﬂuences. It was found that this approach is not only capable of achieving in-system
recalibration ability without any additional measurement instruments connected to
the device, but also (depending on the accuracy requirements) lacks the need for a
wavelength reference such as the integrated etalon.
6.5 Direct Control Tuning Model
6.5.1 Overview
This section illustrates the ﬁrst approach that was undertaken to model the tuning
behaviour of the laser.
After deﬁning the segmentation of the tuning equations, polynomial equations
were used to model the tuning characteristics. The coeﬃcients to ﬁt the polynomials
to the tuning tracks and operating areas were calculated from the data gathered
during the characterization of the device that had been presented in Ch. 5. The
completed model was then used to generate the three tuning currents for given λT
in an experiment. The diﬀerence between λT and the measured laser wavelength λL
was plotted to assess the performance of the tuning model.
6.5.2 Equation Segmentation
If the task of the tuning model is described as linking together the three tuning
currents2 (left reﬂector ILeft, right reﬂector IRight, phase section IPhase) with a target
wavelength λT , we can describe this "black box" approach with a function for each
one of the tuning currents:
ILeft = IL(λT ) (6.1)
2In the following text, ITune is used for the sake of brevity to express that the context is identical
for all three tuning currents ILeft, IRight, IPhase
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IRight = IR(λT ) (6.2)
IPhase = IP (λT ) (6.3)
If the basic operating principle outlined in section 5.1 and the measured tuning
behaviour depicted in section 5.6 are considered, it becomes clear that each of the
three equations 6.1, 6.2 and especially 6.3 must be of a segmented form to accomo-
date the likewise segmented tuning process of the device. For the reﬂector currents,
the expression has to cover all tuning tracks required for a desired spectral operating
range.
Reﬂector Tuning Current Segmentation
The following segmentation equation is identical for the two reﬂector currents. Using
λT for the target wavelength, the expression describing the tuning behaviour of the
left reﬂector current may be formulated as follows:
ILeft =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ILTn=1(λT ) for 0 ≤ λT < λendLT1
...
ILTn(λT ) for λendLTn−1 ≤ λT < λendLTn
(6.4)
Expression 6.4 utilizes the top end values λendLTn of the wavelength shift λT
of each individual track n to separate the individual tuning equations ILTn(λT ) for
each track. The equations for the individual tracks can then provide the relationship
between the target wavelength shift λT and the tuning current ILeft. The equation
6.5 describing the right reﬂector tuning characteristics is constructed analogously:
IRight =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
IRTn=1(λT ) for 0 ≤ λT < λendRT1
...
IRTn(λT ) for λendRTn−1 ≤ λT < λendRTn
(6.5)
The top end values and the individual tuning equations are denominated by
λendRTn and IRTn(λT ) respectively.
Phase Section Tuning Current Segmentation
To achieve continuous tuning, the phase section current has to be set such that
the current longitudinal cavity mode remains aligned in the resonator as the laser
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is tuned along the operating track (Subsection 5.1.2, Fig. 5.6). This means that
for every operating area along a track, the phase section tuning current needs to
follow a function that covers the tuning span between the current area and the next
adjacent operating area.
This function starts at the center of an operating area and ends at the center
of its neighbouring operating area. The tuning scheme for the phase section can
therefore be described as a nested and segmented one:
• The complete tuning range is segmented into the tuning tracks, similar as for
the reﬂector currents.
• Tuning along each track is segmented into one phase section tuning function
for each operating area.
The segmentation of the phase section tuning current may thus be expressed by
a nested structure of functions that deﬁnes one equation for each operating area on
each track. The structure of the expression for the complete tuning range 6.6 is
therefore similar to 6.4.
IPhase =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
IPhTn=1(λT ) for 0 ≤ λT < λendPhT1
...
IPhTn(λT ) for λendPhTn−1 ≤ λT < λendPhTn
(6.6)
The nested aspect is realized by deﬁning the functions for the individual tracks
themselves as composites of the equations describing the phase tuning behaviour of
the individual operating areas. The following function 6.7 represents one of those
equations IPhTn(λT ) deﬁning the phase tuning current along a track Tn for operating
areas OAm.
IPhTn =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
IPhTnOAm=1(λOA) for 0 ≤ λOA < λendPhOA1
...
IPhTnOAm(λOA) for λendPhOAm−1 ≤ λOA < λendPhOAm
(6.7)
6.5.3 Data Extraction and Polynomial Fitting for the two
Reﬂector Tuning Currents
In order to parameterize the functions that model the laser tuning behaviour, the
relevant information was retrieved from the data gathered during characterization.
For the two reﬂector currents ILeft, IRight, this was done utilizing a λ/ILeft, IRight
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slice from the λ/ILeft, IRight, IPhase data volume. The following Fig. 6.1 shows the
dependency of the emitted wavelength λ on the two reﬂector currents ILeft, IRight
for all operating tracks as it was measured from the S7500 laser module.
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Fig. 6.1: Laser wavelength λ depending on the reﬂector currents ILeft and IRight for
all operating tracks
With the measured curves roughly resembling sections of parabolae, polynomials
were chosen as the functions for modeling the tuning curves.
f(x) = anxn + an−1xn−1 + . . . + a2x2 + a1x + a0 (6.8)
Polynomials of diﬀerent degrees were then ﬁtted to the measured curves and
their accuracy was evaluated. It was found that for satisfactory precision, 5th degree
polynomials are required. Higher degree polynomials did not show any noticeably
higher accuracy justifying the additional eﬀort. The equation used to model the
reﬂector currents ILeft and IRight is therefore as follows:
ITune(λT ) = a5λ5T + a4λ4T + a3λ3T + a2λ2T + a1λT + a0 (6.9)
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The coeﬃcients an parameterizing the polynomial as generated from the ﬁtting
algorithm not surprisingly exhibit a tendency to reach rather extreme values for the
higher and lower degrees (ranging from 9 · 10−5 to 9.84 · 1014) and therefore have to
be processed and stored with suﬃcient numerical resolution to avoid errors. A table
showing the reﬂector tuning polynomial coeﬃcients calculated for all tracks of the
device can be found in the appendix C.1. Fig. 6.2 shows the tuning current curves
for the two reﬂector sections as generated by the polynomials using the coeﬃcients
extracted from the measured data volume. The measured tuning characteristics
from 6.1 are included for comparison. The polynomial based curves show near
perfect tracking of the measured curves. Where the measured curves extend beyond
the polynomial curves, this is due to equation segmentation. In such locations, the
desired wavelength is available from two redundant operating areas.
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Fig. 6.2: Measured and Model generated Data for Laser wavelength λ depending on
the reﬂector currents ILeft and IRight for all operating tracks
Regarding the allocation of memory in a tuning system, the space required is
the product of the number of parameters and the memory required to store one
parameter. Since each track is covered by a set of two equations, one for each of the
two tuning reﬂector currents, the number ncoeff of coeﬃcients required for modeling
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ILeft, IRight for a device with ntracks tuning tracks using polynomials of degree ndegree
is:
ncoeff = 2ntracks(ndegrees + 1) (6.10)
6.5.4 Data Extraction and Polynomial Fitting for the Phase
Section Current
Since the measured λ/IPhase curves roughly resemble sections of parabolae, poly-
nomials were chosen as the functions for modeling the phase current curves, too.
Polynomials of diﬀerent degrees were then ﬁtted to the measured curves and their
accuracy was evaluated. It was found that for satisfactory precision, quadratic equa-
tions are required. Higher degree polynomials did not show any noticeably higher
accuracy justifying the additional eﬀort. The equation used to model the phase
section current IPhase is therefore as follows:
IPhase(λT ) = a2λ2T + a1λT + a0 (6.11)
Regarding the control of the phase section current, the high parallelism (shown
in Fig. 5.26 and 5.25) of the measured λ/IPhase curves should on ﬁrst thought ideally
lead to more or less identical polynomial coeﬃcients for the tuning equations. The
coeﬃcients calculated based on the measured data however exhibit diﬀerences that
are originating from the varying oﬀset positions of the parabolae. Reasonable oﬀsets
are required between the operating tracks of the device for seamless transitions from
track to track. Between equations for individual operating areas along a track, the
coeﬃcients are more homogenic, yet exhibiting variations as well. Since the origin
of these variations can be credited to a large degree to measurement errors, it was
decided to form average values of the coeﬃcients for each track. These collective
coeﬃcients for all phase current equations of one track were then used for the tuning
model. The following table shows the collective coeﬃcients for all 7 operating tracks
of the measured device.
As expected, the linear coeﬃcients exhibit very constant values except for a step
between tracks 2 and 3. This can be explained by the oﬀsets between individual
operating tracks. Indicative of this is also that a step is visible in the constant
coeﬃcients at this transition.
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Tab. 6.1: Collective Polynomial Coeﬃcients for Phase Section Tuning
Track a2 a1 a0
1 5.72E+00 -1.79E+04 1.40E+07
2 5.67E+00 -1.77E+04 1.38E+07
3 6.89E+00 -2.14E+04 1.66E+07
4 6.81E+00 -2.11E+04 1.63E+07
5 7.21E+00 -2.22E+04 1.71E+07
6 7.35E+00 -2.26E+04 1.74E+07
7 7.16E+00 -2.19E+04 1.68E+07
The second order term shows an interesting trend of rising values towards higher
operating tracks, which might indicate that the tuning characteristics of the phase
section vary regarding the laser operating wavelength.
6.5.5 Experimental Veriﬁcation
To assess the performance of the direct control tuning model experimentally, it was
used to generate the tuning currents for the laser from a desired wavelength. The
actual laser wavelength generated by the laser was measured simultaneously with
the optical spectrum analyzer module.
The tuning model was implemented in LabView using switch-case structures
for the equation segmentation portion and polynomial elements for calculating the
tuning currents for the desired wavelength. The LabView model was then integrated
into the existing LabView-based laser experiment control program.
Data acquisition code was added to the main laser experiment control program
such that the wavelength generated by the laser was synchronously measured by the
optical spectrum analyzer module while the desired wavelength was swept stepwise
over the operating spectrum of the device. The obtained values were stored together
with all other experiment data in a ﬁle.
6.5.6 Performance Evaluation
The following two curves Fig. 6.3 and 6.4 show the diﬀerence between the desired
target wavelength and the actual measured wavelength produced by the laser over
the complete operating spectrum. Fig. 6.3 shows the coarse deviations which occur
predominatly at the transition areas between tuning tracks. Large deviations over
wider spectral ranges occur whenever the location of the operating areas could not
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be determined precisely enough. This causes erroneous tuning equation coeﬃcients
which ultimately result in the generation of wrong current combinations.
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Fig. 6.3: Diﬀerence between the target wavelength of the equation based current
calculations and the emitted wavelength, covering large deviations
Fig. 6.4 gives a more detailed view of the portions of the operating spectrum
where the generated wavelength tracks the target wavelength reasonably precise.
While Fig. 6.4 and 6.3 prove that model based tuning using polynomials is
possible, they also highlight its limitations. Since all coeﬃcients and segmentation
boundary wavelengths are referenced to the target wavelength, all variations in
the device aﬀect their accuracy. This becomes especially apparent at parts of the
operating spectrum where the laser has to transition from one track to the next
adjacent track while it remains remarkably precise within the operating tracks.
This can be seen easily from the rather large wavelength deviations that occur
predominantly at the track transitions while the precision is much better along the
tracks.
6.5.7 Conclusion
While the direct control tuning model presented in this section proves that model
based tuning of the MG-Y Laser is feasible, it is a very straightforward approach
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Fig. 6.4: Diﬀerence between the target wavelength of the equation based current
calculations and the emitted wavelength, detail view covering small deviations
that simply solves the task through a massive amount of polynomial coeﬃcients and
boundary wavelengths. This is especially true if no redundancy eﬀects are utilized
to reduce the number of coeﬃcients 6.5.4. All these coeﬃcients have to be tediously
retrieved from the individual device through extensive measurements and elaborate
measurement data processing. Especially determining the accurate location of the
operating areas and their phase current induced wavelength shift is a challenge.
Due to the long duration of the measurements and the requirement for external
instrumentation (optical spectrum analyzer or wavemeter) this process is neither
amenable to production nor does it allow any form of in-system self-recalibration.
In fact, all coeﬃcients and boundaries calculated from the measured device data
are subject to ﬂuctuations and drift caused by aging etc. which renders the direct
tuning model approach at least reliant on the integrated Etalon for any real world
application. Considering the characteristics of the integrated Etalon, which were
designed for channel based wavelength stabilization, this solution will not provide
a satisfactory wavelength stabilization except at wavelengths that fall on the slopes
of the etalon reﬂectivity curve. A solution to this might be an etalon of lower free
spectral range as well as lower ﬁnesse to achieve a ﬁner reference raster. However,
this rather has the character of a workaround and does not address the underlying
problems of the direct control technique.
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6.6 Indirect Control Tuning Model
6.6.1 Introduction
The indirect tuning model approach was inspired by the two major shortcomings of
the direct tuning model:
• All coeﬃcients and boundaries are subject to ﬂuctuations (aging etc.).
• Complex and slow three-dimensional characterization process requiring exter-
nal optical instruments, thus no in-system recalibration capability.
In order to ﬁnd a solution for both problems, it is rewarding to look at an aspect
they both have in common: complexity.
• A large number of coeﬃcients and boundaries are needed to describe the device
due to its complexity.
• The characterization process is only possible with external instruments and
slow due to the complexity of the tuning behaviour requiring three-dimensional
measurements.
This is fascinating because the device itself only makes use of the vernier eﬀect
- well known to all those familiar with the operation of a caliper - and is similar to
a normal Distributed Bragg Reﬂector Laser (DBR) Laser in the remaining aspects
of operation.
From this perspective, the observation was made that the majority of the varia-
tions originate at the semiconductor device while the vernier eﬀect based part - which
is the cause for most of the complexity of the device - remains mostly invariant.
In combination, the two phenomena form an extraordinarily complicated be-
haviour while beeing of rather simple nature individually. This section investigates
a layer based tuning model making use of this observation by splitting up the model
into complex static and simple variable parts.
6.6.2 Layer based Tuning Model
Dividing the model into complex parts that remain invariant and simpler parts that
are variable allows to introduce a layer structure that hides the complexity of the
device and simpliﬁes tuning on the application level. Fig. 6.5 illustrates this concept.
Unfortunately it is not possible to deﬁne purely invariant layers since semicon-
ductor ﬂuctuations to some degree retain inﬂuence on all aspects of tuning. It is
however possible to minimize this inﬂuence to a degree where less stringent require-
ments have to be placed on the accuracy of the parameters and where the nature of
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Fig. 6.5: Structure of the Layer-based tuning model approach
the parameters allows to obtain them through in-system self-calibration algorithms.
The next subsections present an indirect, layer-based tuning model that was con-
ceived to rely entirely on such measurements, thus making it completely in-system
self-calibration capable.
6.6.3 Longitudinal Cavity Mode Referenced Spline Tuning
Layer
This layer generates the tuning currents ILeft, IRight for the two reﬂectors and IPhase
for the phase section from an intermediate tuning index variable TTrack.
It makes use of the following observations:
• The operating areas are spaced equidistant in wavelength 5.1.2.
• The operating areas remain equidistant in wavelength regardless of device
ﬂuctuations or phase current injection 5.6.6.
• The wavelength shift of the operating areas due to phase section current is
almost perfectly equal for all operating areas (5.1.2,5.6.6).
Spline Curves
From the experiences gained with the direct tuning model, it was concluded that
replacing the polynomial equations with cubical splines has several advantages:
• Source code for spline ﬁtting is readily available from the ﬁeld of computer
graphics. This simpliﬁes implementation for both experimental use and po-
tential product development.
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• The required numerical resolution to store the ﬁtting coeﬃcients is much less
critical for third order than for ﬁfth order polynomials due to the smaller order
of exponents. This makes the practical realisation less susceptible to numerical
calculation errors originating from very small coeﬃcients.
The splines for the reﬂector currents are calculated from the locations of the
operating areas along each track such that one spline is deﬁned for each track that
runs through the operating areas and thus the middle of the track (Fig. 6.6).
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Fig. 6.6: Spline running through the centers of the operating areas of one track
While this representation facilitates the understanding of spline ﬁtting as a model
of the operating areas along tuning tracks, it would waste much of the possibilities
of the approach if indeed the splines were to be laid through points deﬁned by
ILeft, IRight.
A much more eﬃcient solution can be obtained with two splines per track, one
for each of the two reﬂector tuning currents3 ILeft and IRight, and by using an
intermediate tuning parameter TTrack as the input of the spline.
Longitudinal Cavity Mode Referencing
From the basic operating principle 5.1 of the MG-Y Laser it can be seen that the
operating areas, each indicating a properly aligned longitudinal cavity mode, are
3In the following text, ITune is used for the sake of brevity to express that the context is identical
for all three tuning currents ILeft, IRight, IPhase
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spaced equidistant in wavelength. This is due to the periodical spectral nature of the
longitudinal cavity modes that can be observed in every laser resonator, especially
those of the Fabry-Perot type (Section A.1.3, Fig. A.10). Thus, if the cubical
spline (Fig. 6.7) is ﬁtted through the centers of the operating areas (OA) deﬁned by
points (ITune/TTrack) and TTrack is chosen such that the diﬀerence δTTrack in its value
between two adjacent operating areas OAm−1, OAm is constant for all operating
areas and tracks, TTrack becomes proportional to the emitted laser wavelength λL.
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Fig. 6.7: Spline running through the centers of the operating areas (OA) of the
tuning current curve of one track with intermediate tuning parameter TTrack as
input of the spline
Since δTTrack corresponds to a shift in laser wavelength λOA deﬁned by the spec-
tral spacing of the longitudinal cavity modes λLCM , tuning via TTrack is directly
mapped to the grid deﬁned by λLCM , which in turn is identical to the spectral spac-
ing of the operating areas λOA. This can be used as a method of calibration if λLCM
is considered an acceptable wavelength reference. In combination with an additional
etalon such as the one integrated in the S7500 laser module, the accuracy can be
further improved by calibrating TTrack using the etalon response. This possibility
will be elaborated in subsection 6.6.5.
So far we have examined the generation of the tuning currents for the two reﬂec-
tors ILeft, IRight. However, for continuous tuning along the tracks the phase section
needs to be supplied with a suitable tuning current IPhase as well. From the basic
operating principle and especially the section about longitudinal cavity modes 5.1.2
the function of the phase section can be readily understood. Since the phase section
is part of the laser resonator, current injected into the phase section changes the
delay the lightwave experiences during transit through it. This can be seen as a
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change in resonator length, thus altering the wavelength of the cavity mode. The
eﬀect of the phase section current on the laser wavelength was measured during
the characterization of the laser and is shown in Fig. 5.25 and 5.26. While for
the direct tuning model parabolae were used to model the individual tuning curves
whith satisfactory accuracy, the real measured curves are of course not necessarily
of true parabola shape. This is especially visible if the lower part of the curves is
ignored and only the range of IPhase between 0,5 mA and 4 mA is examined. In
this current range, the curves exhibit a distinct linear behaviour. The only available
literature covering this aspect originates from the manufacturer and precursing re-
search projects conducted at the University Gent [7, 47, 48]. The shape of the curve
is described as a "sub-linear" without giving information about the mechanism caus-
ing this behaviour. Own investigations exceeding the scope of literature research
were not pursued as neither the necessary technical resources were available nor a
signiﬁcant beneﬁt regarding the realisation of the tuning model was anticipated. In-
stead, the phase tuning characteristics were subjected to further measurements that
were laid out such that they provided a substantially higher accuracy regarding the
phase tuning.
Fast High Precision Location of the Operating Areas
The ﬁndings presented in the previous two preceeding paragraphs can be used to dis-
tinctively accelerate the process of retrieving the chracterization of the phase tuning
behaviour and to provide much higher precision. Crucial for precision tuning of the
laser is accurate knowledge of the position of its operating areas. For obtaining the
parameters deﬁning the splines for the two reﬂector currents, this can be achieved
by measuring the laser output power at all points of the IRight, ILeft area with IPhase
remaining stationary at 0 mA. Note that by using the current of the reference photo-
diode as a measure of laser power, this measurement requires no external equipment
and can be performed within very short timespans even with high resolution. With
the splines set up to pass through the operating areas and thus follow the operating
tracks, the characteristics of the phase section can be easily measured relative to
the position on the operating track. As the position on the operating track is given
by the indirect tuning parameter TTrack, all that is required is to measure the laser
power (i.e. the reference photodiode current IRefPD) along the operating tracks for
as many increments of IPhase as needed for the desired accuracy. This measurement
again does not require external instrumentation and can therefore be performed
in-system. The following Fig. 6.8 shows the laser output power in the shape of
the reference photodiode current IRefPD along one of the operating tracks for phase
section currents IPhase ranging from 0 to 3,5 mA.
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Fig. 6.8: IRefPD as measured along operating track 7 for IPhase between 0 and 3,5
mA
The position on the operating track is indicated by TTrack. The diﬀerence δTTrack
in the value of TTrack between two adjacent operating areas was chosen to be 100.
Underneath the diagram plane coloured curves indicate lines of equal IRefPD to
highlight the slight decrease of IRefPD for higher values of TTrack.
Similar to Fig. 5.26 and 5.25, Fig. 6.8 shows the high degree of parallelism of the
individual curves as well as their linear shape for IPhase > 0, 5mA. These properties
are optimal for eﬃcient modeling due to their high degree of redundancy and simple
shape. Fig. 6.8 further shows that the phase section allows to introduce enough
wavelength shift to traverse from one operating area to the next adjacent one. If
only slightly higher currents are used than visible in 6.8, this even becomes possible
within the linear range of the phase section tuning curves.
Repeating the same measurement for only a small number of phase section
current increments provides enough information to lay linear approximation lines
through the operating area centers. Fig. 6.9 shows the resultant diagram.
The phase section current was incremented in 8 steps from 0 to 5 mA. Using a
peak ﬁnding algorithm, the local maxima of IRefPD were determined for IPhase >
0.5mA to omit the nonlinear portion of the curve. Linear functions were ﬁt to pass
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Fig. 6.9: IRefPD as measured along operating track 7 for 8 increments of IPhase
between 0 and 5 mA, centers of operating areas are marked with white circles,
linear approximation lines (black) intersect the maxima.
through the maxima of each phase curve. This procedure eﬀectively reduces the
number of measurements required and the amount of data that has to be analyzed
in order to locate the operating areas.
The phase section current curves can therefore be modeled quite comfortably
using simple linear equations if the nonlinear portion of the curves is omitted. This
is possible since the phase section provides enough tuning shift in the linear portion
to traverse from one operating area to the next adjacent one. 4
Aspects of practical implementation
For the application of the tuning model in an experiment or prototype, it is worth-
while to examine the shape of the phase current curves regarding the location of
the maxima. Fig. 6.8 exhibits a distinctive asymmetry in this aspect resulting in
unique structures shaped like turbine blades. The maxima along these blades are
4Somewhat contradicting to what could be expected from the operating principle of the
MG-Y Laser is the observation that the slope of the phase response curves is subject to some
light variations for the individual operating areas. Investigation of these variations showed that
they are distributed in a random fashion, i.e. a distinctive pattern etc. could not be found.
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located close to the blade edge on the left, where the transition to the next aligned
cavity mode occurs. Regarding the implementation of a model in an experiment,
this situation is not optimal as it requires high accuracy to prevent missing the edge
of the blade and falling on the adjacent one. Fortunately a simple remedy can be
implemented in the form of an arbitrarily chosen oﬀset that shifts the linear tuning
equation more toward the middle of the blade. While this obviously changes the
operating wavelength of the laser, it signiﬁcantly decreases the risk of missing a
blade. The resulting change in wavelength can be removed in the calibration layer
introduced in subsection 6.6.5 with minimal eﬀort. This layer provides a relationship
between the desired wavelength and TTrack and therefore compensates both oﬀsets
as well as other wavelength errors.
6.6.4 Vernier Eﬀect Layer
In the preceding subsection, a relationship between the three tuning currents and
an intermediate tuning variable TTrack was established. In order to cover the com-
plete operating wavelength range of the device it is necessary to stitch together the
tuning ranges each covering one operating track. Thus the task of the Vernier Ef-
fect Layer is comparable to the equation segmentation presented in subsection 6.5.2.
However, due to the use of an intermediate tuning variable, the segmentation imple-
mented through the Vernier Eﬀect Layer is considerably less demanding regarding
the speciﬁcation of the boundary values.
If TTrack spans a range of values
TTrack(n) = [1 . . . δTTrack · (m(n) − 1)] (6.12)
with the number m of operating areas on a track n and the chosen diﬀerence
δTTrack of TTrack between two adjacent operating areas, then the intermediate tuning
variable TDevice for the complete device can be deﬁned as follows:
TDevice =
N∑
n=1
TTrack(n) (6.13)
TDevice is thus constructed by appending the individual tuning variables TTrack
of all tracks N end-to-end. Of course, operating areas with redundant wavelengths
have to be excluded from this scheme. This makes TDevice a single tuning variable
covering the entire device operating spectrum. Furthermore, since it is deﬁned using
the spectral spacing of the operating areas, which in turn is the spectral spacing of
the resonator cavity modes 6.6.3, it is already calibrated to a wavelength reference.
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However, the precision of this calibration is high only at the locations of the op-
erating areas. Between the operating areas, the linear equation ﬁt 6.6.3 of the phase
section current curve follows the characteristics of the phase tuning section, ensuring
that the longitudinal cavity mode remains aligned. In order to compensate for the
variations occurring between the operating areas and also any other imperfections
of the tuning model presented so far, a ﬁnal calibration layer is needed.
6.6.5 Calibration Layer
Compared to the two layers of the tuning model presented so far, the calibration
layer is of lowest complexity in structure. However it is this negative gradient in
complexity that was what we set out for at the beginning of this section. It decreases
the usage complexity of the device with every layer added until ﬁnally it is possible to
control the laser with a single parameter - the desired wavelength. As also introduced
at the beginning, the lower the complexity of a layer, the more it is intended to
compensate for random characteristics originating from the semiconductor or optics
level while the complex vernier eﬀect based characteristics have been dealt with by
layers of higher structural complexity.
The calibration layer is thus simply a function cal that relates the intermediate
tuning variable TDevice to the desired operating wavelength λT :
TDevice = cal(λT ) (6.14)
This function cal is ideally implemented in the form of a table in memory that
is ﬁlled will all calibration data necessary to rectify the tuning characteristics of
the device. If available, external instrumentation can provide accurate data at this
point. More interesting however is the possibility to use the integrated etalon of the
Finisar S7500 laser module for this purpose. Self calibration based completely on
internally available data sources as for example the reference photodiode current or
the etalon photodiode current will be discussed in chapter 6.6.6.
6.6.6 Measurements and Model Parameterization
This subsection summarizes the ﬁndings developed in the preceding subsections by
presenting the complete model parameterization process in a stepwise manner. This
process can be broken up into the following steps:
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Measurement of IRefPD/IRight, ILeft
Compared to the direct tuning model, the indirect tuning model drastically reduces
the amount of device measurements that are needed in order to parameterize the
model. This is achieved by using information gained from one measurement step
to reduce the scope and duration of the following measurement step. Thus the ﬁrst
measurement taken is the most extensive one, while the following measurements are
of smaller scope.
For parameterizing the splines that deﬁne the tuning current curves for the left
and right reﬂector, the location of the operating areas has to be determined. To do
so, it is necessary to measure the laser power for all combinations of the two reﬂector
currents IRight and ILeft while the phase section current IPhase is kept constant. The
laser power is easily measured using the current of the internal reference photo
diode IRefPD. As shown in subsection 6.6.3, the phase section tuning curve exhibits
a distinctive nonlinear behaviour for currents between 0 and approximately 0.5 mA
while remaining very linear above this range. If simple linear tuning equations are
desired for the phase section modeling, it is necessary to choose the phase section
current level at which to perform the IRefPD/IRight, ILeft measurement at a current
level above this range. IPhaseOffset will be used in the following text to refer to this
phase section current starting oﬀset.
The time needed to measure this array is largely dependent on the desired res-
olution, however, due to the two dimensional nature of measurement it remains
within reasonable timespans even for high resolutions. For example, if the reﬂec-
tor currents IRight, ILeft are incremented with a resolution of 10 Bit each, then a
number of 210∗2 = 220 = 1, 048576 · 106 measurements have to be preformed. Since
the only measured parameter is the current of the reference photodiode IRefPD, it
is reasonable to assume a time of 1 microsecond to be suﬃcient for each individual
measurement, thus the time for the complete measurement would be only slightly
more than one second (cf. Ch. 5.5.2).
Localization and sorting of the Operating Areas
The operating areas, i.e. the places in the IRight, ILeft characteristic map where one
particular cavity mode is aligned together with the alignment of the two reﬂector
spectral peaks (Fig. 5.1.2) , are marked by local maxima of IRefPD. Graphical
illustrations of the IRefPD/IRight, ILeft array are Fig. 5.20 and 5.21. Finding the
local maxima is a nontrivial task due to the overall gradient envelope extending
from the origin of the diagrams towards the higher reﬂector currents. Also, sorting
the maxima according to the operating tracks they are located on requires the
development of custom algorithms. Since both tasks predominantly are engineering
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and development based tasks that are highly device speciﬁc, they will not be further
pursued at this point.
Fitting of the reﬂector tuning current splines
With the locations of the operating areas deﬁned and sorted according to their
corresponding operating tracks, splines can be ﬁt through points deﬁned by the
tuning currents and an intermediate tuning variable TTrack. Two splines exist for
each tuning track, one for each of the two reﬂector currents IRight and ILeft. Since
the following elaboration is equal for both reﬂector currents, ITune is used as a
substitute for the sake of brevity. The points through which each spline passes are
deﬁned by the tuning reﬂector current ITune and the associated tuning index TTrack.
By deﬁnition (see 6.6.3) the tuning index TTrack advances by a chosen ﬁxed δTTrack
for each of the m operating areas on a track, such that the spline begins at the point
[ITune(OA1)/0] and ends at [ITune(OAm)/m · δTTrack]. A spline deﬁned in such a
manner is shown in Fig. 6.7.
Measurement of IRefPD/TTrack, IPhase
In order to parameterize the phase section tuning equations, the inﬂuence of the
phase section has to be characterized. With the splines deﬁned in the previous
step, this can be achieved very eﬀectively by simply measuring IRefPD along the
tracks for several increments of IPhase. As described in 6.6.3 and shown in Fig.
6.9, the phase section tuning response is very linear for currents above a certain
level of approximately 0,5 mA. To simplify the modeling of the phase equations,
it is advisable to omit said current range. This was already considered for the
measurements deﬁning the spline curves by introducing a phase section current
starting oﬀset IPhaseOffset. As a minimum, two points are required to ﬁt a linear
equation to each phase current curve, however, a greater number allows to increase
precision and reduce errors. Doing so comes at the reasonable cost of measuring
IRefPD along the track several times for the diﬀerent levels of IPhase, which is a very
fast process.
Fitting of the IPhase equations
As a minimum, two points are required to ﬁt a linear equation to each phase current
curve, however, a greater number allows to increase precision and reduce errors.
Doing so comes at the reasonable cost of measuring IRefPD along the track several
times for the diﬀerent levels of IPhase, which is a very fast process compared to the
initial measurement of IRefPD/IRight, ILeft. The operating area locations determined
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by the initial spline curve measurement thus form the starting points of the phase
section tuning curves while their slope is determined from the aforementioned mea-
surements at various higher levels of IPhase. Since TTrack of all operating areas is
known by measurement, the current level IPhaseSwitchOAn at which the switch from
one operating area OAn to the next adjacent one OAn+1 may be performed is given
by
IPhaseSwitchOAn = IPhaseCurveOAn(OAn+1) (6.15)
i.e. the point when TTrack has reached the level of the next adjacent operating
area OAn+1. For the sake of clarity, we have so far only considered the case of
traversing operating areas by incrementing TTrack. It is however obvious that the
process is analogous for decrementing TTrack. Fig. 6.10 illustrates how the phase
section current has to be changed in accordance to TTrack in order to traverse from
one operating area to its neighbour areas.
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Fig. 6.10: Phase section tuning current during switchover procedure for traversing
from one operating area to its neighboring areas
Accordingly, the operating areas at the ends of a track form the transition points
between adjacent tracks.
Operating Track Stitching
By joining together the tuning ranges of the individual tracks at their respective
endpoint operating areas, seamless tuning over the complete device tuning range
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is achieved. Regarding the practical realisation, this raises the question as to how
redundant operating areas can be automatically excluded from the scheme to prevent
TDevice discontinuities. Two approaches to solve this aspect were investigated:
• Boundary values for ITune deﬁne ranges in which the tuning currents for the
individual tracks are allowed to lie. If operating areas happen to lie outside
these ranges, they are classiﬁed as redundant and disregarded. Experiments
showed that this approach is feasible considering the drift experienced with the
measured device characterization data. In fact, state-of-the-art channel based
tuning systems rely on such data entirely, so it can be considered more than
adequate for the mere purpose of limiting the current ranges of the operating
tracks. However, it relies on externally provided data that the tuning sys-
tem can not autonomously generate through own measurements. Also, some
means of external optical wavelength measurement (optical spectrum analyzer
or wavemeter) is required to perform such production calibration.
• The shape of the response curve of a relative wavelength reference such as
the integrated etalon is measured along each individual track. The individual
curves can then be aligned such that a seamless transition occurs. That way,
redundant operating areas can be identiﬁed quite easily. However, the free
spectral range of the etalon has to be amenable for such a procedure, i.e. it
must not be too small or too large. In the case of a too small free spectral
range, ambiguity problems of the etalon curve peaks arise during the alignment
of the etalon ration curves. For too large free spectral ranges, the ambiguity
problems occur at the operating areas themselves. Experiments (graphical
alignment) conducted with the integrated etalon showed that this approach
is feasible, however requires considerable software development eﬀort to be
usable in a production system.
Wavelength Calibration
The ﬁnal step required in order to obtain a tuning model that uses the desired
wavelength λT as an input to steer the tuning currents is to calibrate TDevice to a
wavelength standard. Two possible approaches are discussed in this paragraph:
• Calibration using an absolute wavelength reference such as an external instru-
ment like an optical spectrum analyzer or a wavemeter.
• Calibration using a relative wavelength reference such as the integrated etalon
or an external one.
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While the ﬁrst solution is a simple and straightforward one that provides high
accuracy, it has numerous disadvantages such as being rather slow due to the large
number of measurements required for high resolution or the fact that external optical
instruments are necessary to perform it. This renders the preceding eﬀorts regarding
self-calibrating more or less worthless as the ﬁnal step can not be performed without
external instrumentation.
The latter solution only relies on a structurally simpler kind of reference, an
etalon, and thus is more amenable for integration into the system. It also can be
performed in much less time since only the currents of photodiodes, namely IRefPD
and IEtalon, have to be sampled and processed. However, this comes at the expense of
being an only relative reference, i.e. it is possible to calibrate a change in wavelength
and not the absolute value of the wavelength. Eﬀectively this can be seen as a ruler
that has no numerical markings on it but only a graticule. This aspect has to
be addressed by additional means of referencing, which may be for example the
reﬂection spectrum of a known FBG integrated into the system that is used as a
wavelength marker to calibrate the absolute wavelength. Other possibilities include
some form of LUT provided during manufacture that associates a set of spectral
landmarks such as operating areas or peaks of the etalon reﬂection ratio curve to a
table of absolute wavelengths.
6.6.7 Experimental Veriﬁcation
To assess the performance of the indirect control tuning model experimentally, it
was integrated into the LabView based laser control program to generate the tuning
currents for the laser from a desired TTrack. The actual wavelength generated by the
laser was measured simultaneously with the optical spectrum analyzer module.
The tuning model was implemented in LabView using cubical spline elements
to calculate the tuning currents for the desired wavelength. Neither a vernier ef-
fect layer nor a calibration layer were implemented since their functionality is very
straightforward and no further gain of knowledge was anticipated by simply joining
together the tuning ranges of the individual tracks or removing wavelength devia-
tions that in fact are the most interesting aspect of this experiment.
The data acquisition code that had been added to the main laser experiment
control program for the direct tuning model was reused for the measurements and
extended to accomodate the changes caused by the introduction of the indirect
tuning parameter TTrack.
During the experiment, TTrack was scanned over the operating range of one track
of the device while the following parameters were recorded:
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• Emitted Wavelength λ
• Reference Photodiode Current IRefPD
• Etalon Photodiode Current IEtalon
The obtained values were stored together with all other experiment data in a
ﬁle.
6.6.8 Performance Evaluation
In order to evaluate the accuracy attained with the indirect tuning model, it was
used to generate the tuning currents for the individual tracks for sweeps of TTrack
along the full operating track. The following curves were generated from data col-
lected during a sweep along Track 7 and stand exemplary for all other operating
tracks as the results for the remaining tracks were very similar. A diagram showing
the characteristics for the complete tuning range was not included since the signif-
icantly smaller deviations achieved with the indirect tuning model did not give an
informative picture if displayed over a wide wavelength range.
The following Fig. 6.11 shows the Integral Nonlinearity (INL) of the emitted
wavelength depending on the indirect tuning parameter TTrack for Track 7. The
INL is normally known as a characteristic used to describe the quality of a DAC. In
our case, it is applicable as a quality measure as well since the process of converting
an integer number (TTrack) to an analog value such as the emitted wavelength can
be seen as a digital to analog conversion as well. Thus the INL describes the wave-
length deviation from an ideal linear relationship between TTrack and the emitted
wavelength.
The curve exhibits distincitive gradients at regular intervalls. This is due to
the fact that the diﬀerence between two operating areas in TTrack was chosen to be
δTTrack = 100. Thus at these locations, gradients can be expected since the laser
shifts form one operating area to its neighbouring operating area. To assess these
gradients in greater detail, the derivative of the emitted wavelength was calculated.
This curve is shown in Fig. 6.12.
The gradients exhibit a tendency to negative deviations which can be explained
by the direction of the sweep along the operating track. Further the diagram shows
that the gradients remain within reasonable values (max. 0.1 nm) compared to
the wavelength jumps encountered with the direct control tuning model (up to 40
nm). It is noteworthy that even the seemingly large negative deviation of 0.1nm
corresponds to a relative deviation of only 64ppm !
An interesting feature of the diagram are the small periodic changes that appear
to cover the complete track range and were found on all tracks. The exact origin of
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Fig. 6.11: Integral Nonlinearity (INL) of TTrack for Track 7
these changes could not be determined. It might be caused by a form of a parasitic
reﬂection based fabry perot ﬁlter characteristic in the experiment setup.
The following Fig. 6.13 shows the phase section current depending on the emitted
wavelength as it was generated by the tuning model during the sweep along Track
7.
The last curve, Fig. 6.14, shows the current of the integrated etalon photodiode
depending on TTrack. The peaks occur at ﬁxed intervals of 50 GHz and may therefore
be utilized as a wavelength reference. The diagram exhibits slight irregularities in
the wavelength distance between the individual peaks which in turn represent the
wavelength deviations already shown in Fig. 6.11 and 6.12.
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Fig. 6.12: Derivative of the emitted Wavelength for Track 7
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Fig. 6.13: IPhase vs. emitted Wavelength for Track 7
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Fig. 6.14: IEtalon depending on TTrack measured along Track 7
97
7 CHARACTERIZATION OF Y-BRANCH LASER
λ MODULATION BEHAVIOR
7.1 Objective
In this chapter the investigations concerning the λ modulation characteristics of the
MG-Y Laser will be described. Being tuned entirely solid state, the MG-Y Laser is
capable of tuning speeds that are orders of magnitude greater than those of other
lasers oﬀering a comparable operating wavelength range. This makes modulation of
the laser wavelength λ feasible.
Compared to that, other types of widely tunable lasers in general achieve tuning
through mechanical processes. A common type of such a laser is the ECL Laser.
These devices are tuned by rotating a diﬀraction grating, which is a process that
requires several milliseconds for a wavelength change. Obviously, the attainable
tuning speed is deﬁned by the agility of the mechanical system used to rotate the
diﬀraction grating, which in turn is dependant on the drive system (for example
a stepping/servo motor or a voice coil) and the translatory mass of the optical
components that need to be moved.
Another fairly recent widely tunable laser is the thermomechanically tuned VCSEL,
which provides tuning speeds in the kilohertz range at a comparable wavelength cov-
erage. The tuning mechanism of this device relies on thermally induced ﬂexing of the
thin membrane-shaped reﬂectors of the resonator. The parameter deﬁning the limit
of the tuning speed is the thermal and mechanical inertia of the involved parts of the
laser stucture. In contrast, the factors limiting the tuning speed of the MG-Y Laser
are only eﬀects originating from the semiconductor or the driving circuitry, which
should allow tuning speeds in the microsecond or nanosecond range. This aspect is
especially interesting for the development of high performance FBG Interrogators
since it opens up the possibility of using the slopes of the FBG reﬂection curves to
demodulate a λ modulation to amplitude modulation. This can be used to improve
the detection and tracking of the FBG peaks in the reﬂection spectrum. Interrogator
system architectures utilizing this scheme will be investigated in chapter 8.
7.2 State of the Art
Frequency or wavelength (λ) modulation of widely tunable lasers has been per-
formed with a number of semiconductor lasers before [54, 55, 56]. In the case of the
MG-Y Laser, modulation is performed by adding a RF current to the phase section
tuning current IPhase, thus using the ﬁne tuning capability of the phase section to
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shift the emitted wavelength. Published tuning bandwidths range into the gigabit
region. It must be emphasized though, that this depends on the Q-factor of the
superimposed Bragg reﬂectors: It has to be low enough to remain more or less con-
stant over the relevant modulation depth of the phase section if adverse amplitude
eﬀects are to be avoided.
The Finisar/Syntune MG-Y Laser module S7500 is not speciﬁed in this aspect.
The only information given in the datasheet locates the attainable tuning speeds
in the microsecond range. This lack of speciﬁcation data is obviously due to the
intended application of the S7500 module in DWDM networks where information
about any such parameters as tuning bandwidth is not required for system develop-
ment.
7.3 λ Modulation Measurement
A full characterization of the laser module regarding its wavelength modulation
performance comprises measurements of the tuning bandwidth and response over
the entire operating wavelength spectrum. While the modulation of the laser can be
performed rather simply by injecting the modulation current into the phase section
using a bias tee, the greater challenge is posed by the analysis of the resulting emitted
laser spectrum.
The main part of a system capable of the analysis of λ modulated laser spectra is
an optical component that converts the λ modulation to intensity modulation which
then is easily detectable using a photodiode. For this purpose, edge ﬁlters may be
used. Another possibility which is more ﬂexible regarding modulation analysis at
diﬀerent wavelengths is the use of the double sloped reﬂectivity curve of a FBG.
This has the advantage of being tunable in order to allow measurements at a broader
range of wavelengths than is possible with an edge ﬁlter. Fig. 7.1 shows the general
principle of converting a shift in laser wavelength Δλmod into a change in reﬂected
optical power ΔP .
A suitable measurement setup employing this principle is shown in Fig. 7.2.
This experiment uses a RF Network Analyzer to measure the modulation trans-
fer function of the tunable laser. Such a setup is usable in all situations where
signiﬁcant intensity modulation ΔP can be expected at the detector. This is the
case if the modulation depth (i.e. the wavelength Δλmod) in combination with the
slope steepness of the FBG is suﬃcient to generate a measurable ΔP .
If however the modulation depth is chosen small in respect to the FBG slope
steepness ΔP may be subject to noise caused by instabilities of the wavelength.
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Fig. 7.1: Principle of slope demodulation, not to scale, idealized FBG reﬂectivity
curve.
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Fig. 7.2: Blockdiagram of a measurement setup for the characterization of the λ
tuning bandwidth of a laser
Sources for these instabilities include the driving circuits of the three tuning sec-
tions or the phase noise of the laser itself. Additionally, any variation in the laser
output power will be included in the detected signal. For measurements under such
conditions it is advisable to use some form of signal ﬁltering after the detector to
exclude all spectral energy that is not at the measurement frequency produced by
the sweep signal generator of the network analyzer.
A possible solution for such low signal level measurements is to use a signal
generator operating at a ﬁxed frequency to modulate the laser and to detect the
ΔP signal with a spectrum analyzer or selective level meter. The ﬁlters of the
spectrum analyzer or selective level meter can then be set for a narrow bandwidth
to mask out any spectral components that are not on the modulation frequency.
Another possiblity is to use coherent detection, i.e. to process the detected signal
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with a lock in ampliﬁer synchronized to the modulation frequency.
7.3.1 Purpose and scope of modulation measurements within
this work
Considering the eﬀort indicated in the preceding subsection that is necessary for a
full characterization of the λ modulation behaviour, it is worthwhile to assess to
which extent an investigation of this aspect is reasonable for the goals of this work.
Obviously, a characterization involving modulation bandwidths in the gigabit
range is very likely to produce results of low informative value, since the device
package of the S7500 laser module is not optimized for such an application. In
order to perform measurements at high bitrates or modulation frequencies, ideally
an impedance controlled access to the tuning section should be available. As the
primary application of the S7500 laser module lies in a ﬁeld that only requires
modest bandwidths for tuning (a few MHz), it can not be expected that the trans-
mission characteristics of the package are amenable to experiments in the range of
hundreds of megahertz or higher. Even though the mechanical dimensions of the
connection between package leads and the laser chip are small, a considerable in-
ductance can be expected for the package lead and associated bond wire. This is
especially problematic for loads such as semiconductor lasers that tend to present
rather small impedances with a considerable capacitive reactance component. The
resulting series impedance thus is the sum of the impedance of the tuning section
and the impedance of the package connection. As this combined impedance consists
of inductive and capacitive components, it will very likely exhibit resonances and
similar narrow bandwidth eﬀects (see Fig. 7.4 and 7.5) that are detrimental for
higher frequencies.
It was therefore decided that the measurements of the modulation characteristics
can only be performed in a lower frequency range with the available laser module.
As the main purpose of λ modulation in FBG Interrogation systems is multiplexing
of FBG with equal or close λBragg, the bandwidths required for systems such as pre-
sented in chapter 5.1, subsection 2.2.2 are deﬁned by the desired spatial resolution.
This can be described as the capability of a multiplexed interrogation system to dis-
criminate between two closely spaced FBG sensors. The situation is similar to the
one encountered in radar systems where higher range resolution generally requires
higher bandwidths.
For a coarse estimation of the bandwidth requirements one can assume a mini-
mum distance of 3m between two FBG sensors to be suﬃcient for most civil engi-
neering scenarios. If CDMA schemes using PRBS are used for multiplexing, the bit
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rate BRPRBS necessary to achieve a given spatial resolution Sr along the sensing
ﬁber with refractive index n is given by
BRPRBS =
c0n
2Sr
(7.1)
For n = 1, 468 (ﬁber core refractive index according to the datasheet of Corning
SMF-28 ﬁber) and a spatial resolution of 3m, the required bit rate is BRPRBS =
73, 4Mbit/s, which does not pose a signiﬁcant challenge in terms of modulation.
7.3.2 Experiment setup
Based on the considerations presented in the preceding subsection, an experiment
was set up to investigate the λ modulation characteristics. Fig. 7.3 shows the
structure of the setup.
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Fig. 7.3: Block diagram of the measurement setup for experiments with the λ tuning
behaviour of the S7500 laser module
As signal generator, a 1 GHz Rohde and Schwarz unit was used. On the receiving
side, a Menlo Systems detector module with a 3dB bandwidth of 200 MHz was used.
The detector module was characterized prior to the experiment and proved to be
usable up to frequencies in the range of 600 MHz, albeit with signiﬁcantly reduced
sensitivity.
7.3.3 Measurement Procedure and Results
The MG-Y Laser was then set up to scan the wavelength range of the FBG used
as the λ modulation converter. The spectrum analyzer was set up to measure the
power level of the RF signal received by the detector. This power level was recorded
as the laser wavelength was slowly tuned over the spectral range of the λ converter
FBG. Such measurements were performed for a number of frequencies starting at
102
low modulation frequencies and ranging up to 600 MHz. It was found that the
modulation transfer function of the experiment varied widely in level. This is most
likely due to the aforementioned problems arising from the laser package and the
associated driving circuits and not caused by the laser itself. Since these eﬀects
are highly dependent on factors such as the driving circuit and its printed circuit
board layout, the value of measurements based on this setup would have been low.
Therefore, no further investigation of the frequency response was performed. The
variations in the transfer function can be explained partly by the variations in the
impedance of the phase section and its associated circuitry such as the microstrip line
on the printed circut board, the connector for the laser module etc. The following
Fig. 7.4 shows the combined impedance for the complete phase section tuning circuit
as measured by a vector network analyzer connected to the RF modulation input of
the bias tee.
Fig. 7.4: Smith chart of the phase section tuning circuit impedance. Sweep frequency
ranging from 10 MHz to 1 GHz
In the upper right corner of the diagram, the measured impedance at 4 marker
points is shown numerically. Marker 3 and 4 show the impedance at the start and
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the end of the frequency sweep. Marker 1 and 2 show the impedance at two points
where the impedance consists mainly of real components, i.e. where reactance is
low.
The curve 7.5 shows the input return loss (S11) of the circuit.
Fig. 7.5: Return loss (S11) of the phase section tuning circuit. Sweep Frequency
ranging from 10 MHz to 1 GHz
One of the measurements of FBG slope demodulation that was performed using
a wavelength modulation frequency of 500 MHz is presented in the following Fig.
7.6. The received signal level is shown as measured by the spectrum analyzer and
is thus scaled logarithmic in dBm.
Since FBG reﬂectivity curves are commonly presented with a linear scaling for
the reﬂectivity, converting 7.6 to a linear scaled Y-axis makes the diagram easier to
compare and shows the slope demodulation eﬀect more clearly. The diagram with
the linear scaled received signal level axis is shown in Fig.7.7.
For comparison, the following Fig 7.8 shows the measured reﬂectivity curve of
the same FBG. It is clearly visible that the received signal power peaks shown in
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Fig. 7.6: Received modulation signal level at the detector output as measured by
the spectrum analyzer for both slopes of the λ converter FBG
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Fig. 7.7: Received modulation signal level at the detector output for both slopes of
the λ converter FBG, linear received signal level axis.
Fig. 7.6 occur at the locations of the slopes of the FBG reﬂectivity curve shown in
Fig 7.8. Fig. 7.6 thus represents the absolute value of the ﬁrst derivative of Fig 7.8.
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Fig. 7.8: Received optical power (reﬂectivity curve) of the λ converter FBG
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8 SYSTEM ARCHITECTURES
8.1 Objective
In this chapter, suitable metrics will ﬁrst be introduced for comparing and eval-
uating the performance of FBG interrogator structures. Next, investigations will
be reported on methods that exploit the unique capabilites of the MG-Y Laser
to improve the performance of FBG interrogation systems beyond that of current
state-of-the-art solutions. The following sections each elaborate one such method
regarding its feasibility, performance improvement potential and practical imple-
mentation aspects. All methods primarily build upon the speciﬁc properties of the
MG-Y Laser: Its high tuning speed and its potential to be tuned to any desired op-
erating wavelength within its operating range. These investigations are based upon
the work presented in the preceding chapters.
8.2 Interrogation Eﬃciency
While it is of course possible to employ the MG-Y Laser in a conventional interroga-
tor scheme (such as the swept source interrogator) and obtain a signiﬁcant increase
in typical interrogator performance measures such as speed and precision, it is more
rewarding to use an interrogation scheme that makes better use of the unique ca-
pabilities of the device. As a guideline for research in this ﬁeld, it is helpful to
be able to quantify not the absolute performance of a novel interrogator scheme
(as this would require simulations of the whole system or experiments) but rather
the performance of the interrogator structure itself. However, condensing the struc-
tural performance of a complex system into one scalar parameter is not particularly
helpful since a complex system such as an FBG interrogator can realistically only
be described by a set of performance measures for all individual aspects of opera-
tion. As for FBG interrogator systems employing tuned source architectures, the
main mechanism determining the performance in terms of interrogation speed and
accuracy is how the optical laser energy is put to use for the purpose of FBG inter-
rogation. If one considers the standard swept source interrogator structure shown
in Fig. 2.5, it is obvious that the laser source spends a considerable amount of time
emitting light while it is tuned to spectral regions where there are no FBGs to in-
terrogate at all. If it is possible to minimize this wasted time, the source energy lost
in these regions becomes available for the interrogation process and can be used to
improve the round trip gain budget of the system, thus enabling better performance
in aspects such as interrogation speed, precision or noise immunity.
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To characterize diﬀerent interrogation schemes in this respect we can now intro-
duce a parameter h expressing the eﬃciency of interrogation as:
h = EInterrogation
ESource
(8.1)
with EInterrogation being the source energy used for interrogation and ESource the
available energy from the laser source.
Thus, the less source energy is lost during operation for purposes that do not yield
information about the λBragg of the FBGs of interest, the higher the interrogation
eﬃciency h.
8.3 Optimized Wavelength Control Patterns
8.3.1 Introduction
In a swept wavelength tunable laser based FBG interrogator such as presented in
chapter 2.3, Fig. 2.5, the wavelength of the laser is continuously swept along the
operating range of the interrogator. While this not only wastes time and optical
energy as the laser passes through potentially extensive spectral regions where there
are no FBG to interrogate, it also is not an ideal wavelength tuning pattern for a
device employing segmented tuning such as the MG-Y Laser. Fig. 5.18 and 5.19
illustrate this aspect. Fig. 8.1 shows how a continuous wavelength sweep that is
executed with a MG-Y Laser will contain several instances where the tuning currents
exhibit very large changes due to the device shifting from one operating track to the
next adjacent one.
Due to the arrangement of the operating tracks, these jumps of the tuning cur-
rents tend to attain values that are close to the maximal tuning current range of
the device and are hence not optimal if the tuning sweep is to be performed in
minimum time. These large jumps are unnecessary and slow down the interroga-
tion process since they require larger changes in control current which in turn are
accompanied with accordingly larger changes in charge of the tuning sections and
the associated circuitry. Assuming that the source impedance of the driving current
source is non-zero or possibly matched to the load (the tuning section of the laser
and the associated transmission lines), current changes have a ﬁnite steepness due
to the limited tuning current.
The following subsections elaborate methods that can be used to minimize such
large steps in the tuning currents and thus increase tuning speed.
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Fig. 8.1: Continuous λ sweep pattern.
8.3.2 Low δITune Segmented λ Sweep
For the purpose of FBG interrogation it is negligible whether the tuned source
exerts a continuous linear sweep or if the sweep is segmented into several portions
that diﬀer in spectral width or sweeping direction. As long as the individual portions
of measured reﬂected power data can be assembled in the correct order in memory,
postprocessing such as FBG peak detection is not diﬀerent from a conventional
approach using a continuous linear sweep of the source wavelength.
Regarding the MG-Y Laser this observation can be used to arrange the sweep
such that it avoids jumps of large δITune. Fig. 8.2 illustrates this concept.
The tuning sweep is rearranged such that upon reaching the end of an operating
track, the next track is scanned in the reverse direction. This allows to replace the
large jump to the start of the next rack by a much smaller one to the end or the
next rack. This scheme may be continued until the border of the operating range of
the device is reached. From there, the direction of sweep is reversed and the pattern
is repeated until the other border of the operating range is reached.
8.3.3 Selective FBG tracking
As already noted, a continuous sweep of the interrogating laser wavelength λ is not
an optimal interrogation method since it wastes time and laser energy by unnec-
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Fig. 8.2: Low δITune segmented sweep pattern.
essarily scanning spectral regions in which no FBG is present. This is especially
evident for small numbers of FBG that are distributed in the operating range of
the interrogator in a widely spaced manner. Such situations are among the sce-
narios encountered most often in typical installations. One reason for this is that
an arrangement of the individual λBragg wavelenghts in such widely spaced form is
generally desired since it leaves the most headroom for stimuli-induced wavelength
shift and thus prevents ambiguity problems.
In order to increase the eﬃciency of interrogation, i.e. reduce the time the
laser operates in spectral regions where there are no FBG and thus no information
gain can be anticipated, it is necessary to remove those regions from the wavelength
sweep. It is obvious that this can only be done after an initial conventional full spec-
trum sweep that is used to ﬁrst identify all FBG that are available for interrogation.
Following the identiﬁcation and selection of the FBGs of interest, the operation of
the interrogator can be optimized. This optimization may be performed through
several means, all of which aim at minimizing the time the laser is occupied by
the interrogation of each individual FBG. The following paragraphs present a selec-
tion of such methods in order of increasing performance and complexity, ultimately
developping outlines for an optimized interrogation scheme.
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Short sweep FBG tracking
Scanning the spectrum around the reﬂection peak of each individual FBG with
a short sweep that is centered around the anticipated λBragg (i.e. the previous
measured value) and is wide enough to allow peak detection.
It is clear that the interrogation frequency must be suﬃcient to allow tracking of
the FBG peak. Thus the sweep width and interrogation frequency have to be chosen
such that stimuli induced shifts in λBragg of the FBG do not exceed the sweep range
of the following interrogation cycle. In case an FBG changes its λBragg so quickly
that it is not within the anticipated spectral range when the next interrogation
occurs, the spectral range has to be either widened to resume tracking or a full
sweep has to be performed.
λ-hopped FBG tracking
In order to obtain λBragg of an FBG from a set of measured data points gathered
during a sweep, generally a peak ﬁnding algorithm is employed. Depending on
the algorithm used, it may be possible to reduce the number of data points to
a comparatively small number. To facilitate this, an algorithm may make use of
the known shape of the spectral response curve of the FBGs beeing interrogated.
This permits to use very low numbers of data points, for example ﬁve or even
less. Of course these points need to be spaced spectrally such that they cover the
reﬂectivity curve of the FBG and contain enough information to locate the peak with
satisfactory precision. This eﬀectively converts the small sweep concept presented
above to a form of wavelength hopping, an approach that harnesses the unique
capabilities of the MG-Y Laser in a much more optimal way and is - due to the wide
tuning range and speed - in fact only feasible with this kind of laser.
λ hopping sequences with minimized δITune
While the concept of wavelength hopping for FBG interrogation presented above
already provides a distinctive advantage in interrogation eﬃciency over the conven-
tional sweep approach, it can be further improved by combining it with the con-
siderations of subsection 8.3.2. Hopping between a set of potentially widely spaced
interrogation wavelengths even more is susceptible to minimizing the tuning current
steps as is the segmented sweep method. This is obvious if one considers that wave-
length jumps not only occur at the ends of operating tracks but rather constantly
between the interrogation of each individual FBG in the operating spectral range.
A method for minimizing the change in tuning current δITune for each wavelength
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hop is thus required to optimize the interrogation speed. Fig. 8.3 illustrates the
situation for 8 FBGs spaced arbitrarily within the operating spectrum of the device.
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Fig. 8.3: Optimized Wavelength Hopping Sequence for low δITune
If the laser were to be controlled such that it scans the FBGs in the order of
ascending or descending wavelength, a lot of large jumps in ITune would occur. How-
ever, if the order in which the FBGs are scanned is arranged such that the tuning
current change δITune between the individual λBragg becomes minimal, optimally
fast interrogation becomes possible. For this purpose, the scanning order of the
FBG becomes a round trip where the distance (and thus δITune) between the FBG
is minimal. This sorting task is well known as the travelling salesman problem in
computer science and accordingly a large number of algorithms exist for its solution
[57]. By applying such a sorting algorithm after the available FBGs were iden-
tiﬁed by the interrogator during the initial complete sweep of the spectral range,
interrogation speed can be further increased.
8.4 λ-modulated interrogation
8.4.1 Introduction
This section investigates interrogation methods based on the use of wavelength mod-
ulated laser. Since wavelength modulation can only be easily detected after a con-
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version to intensity modulation, all presented methods utilize the sloped reﬂectivity
curve of FBGs 7.3 for this purpose.
8.4.2 DC-free peak tracking
Assuming that the reﬂection curve of the FBGs used for sensing is essentially trape-
zoidal such as the the one of the FBG utilized as a wavelength to intensity modu-
lation converter, a similar situation as the one encountered in modulation measure-
ments in section 7.3 is created by using a λ-modulated signal to interrogate FBGs.
Fig. 7.3 shows the block diagram of such a setup. The diﬀerence is mainly that
the conversion from wavelength modulation to intensity modulation (shown in Fig.
7.1) is performed by the FBGs present in the sensing ﬁber rather than a dedicated
tunable FBG. It now stands to reason that upon performing a wavelength sweep
over a spectral range containing several sensing FBGs, each of the FBGs will de-
modulate the wavelength modulation radiated towards it into intensity modulation
at both of its slopes 7.1. If the reﬂected optical signal is processed analogous to 7.3,
two local maxima (peaks) are obtained for each FBG. Given that the sensing FBG
do not change their reﬂectivity curve during operation (which only happens when
the FBG is physically damaged), the spectral distance of two peaks is constant and
may serve as a pattern used to detect λBragg of the sensing FBGs. While such an
interrogation procedure without doubt is more complex than simply detecting the
optical power reﬂected from the FBG, it has several distinct advances over the state
of the art approach:
• Detection, ampliﬁcation and processing of the reﬂected optical optical signal
need no longer be DC-coupled, which not only simpliﬁes the associated cir-
cuitry but also may be used to improve S/N and sensitivity through bandpass
or matched ﬁltering.
• The increased sensitivity of detection allows the use of low-reﬂectivity FBGs,
which is one of the necessary prerequisites of TDMA or CDMA based FBG
multiplexing.
• Higher S/N also permits higher bandwidths, in this case decreasing the time
needed to take one sample of the reﬂection signal. This permits high wave-
length hopping speeds which ideally complement the methods described in
subsection 8.3.2, enabling high interrogation bandwidths.
The following subsections show the signals involved in such an approach as the
results of a simulation and an experiment.
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8.4.3 Simulation of FBG reﬂectivity curve slope demodula-
tion of high bitrate PRBS λ-modulation
Since the required measurement equipment was not available, FBG slope demodula-
tion could not be experimentally observed at bitrates higher than the sample rate of
the DACs used in the experimentation system. A basic experimentation system was
therefore constructed in a specialized photonics simulation software, OptiSystem
made by OptiWave (Canada). The following Fig. 8.4 shows the simulated system
structure:
Fig. 8.4: Block Diagram of FBG slope demodulation experiment as simulated with
OptiSystem
A wavelength modulated laser signal is generated and sent into an FBG. This
FBG is slightly detuned regarding the laser wavelength such that the laser light is
reﬂected by one of the slopes of the FBG reﬂection curve. Further the FBG has a
very low reﬂectivity of 0,01 1 to simulate the situation encountered in multiplexed
interrogation structures. The light reﬂected from the FBG slope is analyzed with an
optical time domain analyzer block as well as converted into an electric signal which
is connected to an eye diagram analyzer block. Fig. 8.5 shows the oscillogram and
eye diagram of the received signal.
1a normal value used in non-multiplex systems is 0.99
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Fig. 8.5: Oscilloscope screenshot and eye diagram of simulated reﬂection signal of
PRBS Sequence modulated laser signal demodulated by FBG slope
8.4.4 Experimental FBG reﬂectivity curve slope demodula-
tion of medium bitrate PRBS λ-modulation
Fig. 8.6 illustrates the principle of slope demodulation of a Wavelength shift Δλ
into a shift of reﬂected optical power ΔP .
The structure is similar to the modulation measurements conducted in Chapter
7.3.3, except that the sinusoidal modulation signal is replaced by a pseudorandom
binary sequence (PRBS).
Using the DACs of the laser experimentation system and logic integrated into the
FPGA, the phase section current IPhase was modulated by a 5 MBit/s M-sequence2
while the two reﬂector tuning currents IRight and ILeft were held constant. The thus
λ-modulated laser signal was used to interrogate an FBG at one of its reﬂectivity
curves. The reﬂected intensity modulated signal was converted into the electrical
domain by the Menlo Systems detector module used in the previous experiments
and digitized.
The following Fig. 8.7 shows the transmitted sequence (upper diagram) and the
received signal from the FBG slope (lower diagram).
The left reﬂector current was set to 9,55 mA, the right reﬂector current to
11,5mA. The phase section current for the low logic level was 2,44 mA and 1,83
2Maximum Length Bit Sequence, a type of pseudorandom binary sequence
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Fig. 8.6: Demodulation of a wavelength shift Δλ of the interrogation laser into a
shift of reﬂected optical power ΔP at the slope of the reﬂectivity curve of an FBG
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Fig. 8.7: Upper diagram: M-Sequence used to λ-modulate the interrogation laser,
Lower diagram: Intensity modulation received from FBG at detector output
mA for the logic high level. The reﬂectivity of the FBG was chosen to be 0.99 to
produce a clear received signal without the need for any additional signal processing
such as ﬁltering.
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8.4.5 In situ λ-demodulation CDMA multiplexing
CDMA based FBG multiplexing has been demonstrated using a wideband light
source intensity modulated with an M-Sequence [17]. Due to the intensity mod-
ulation, the optical signal reﬂected back from the sensing array is the sum of all
reﬂections from all FBGs.
λ-modulation can be used to improve this scheme by reducing the number of
FBGs that reﬂect the transmitted M-Sequence, thus simplifying the matched ﬁlter-
ing process in the subsequent signal processing.
If a sensing array consisting of a large number of FBG with arbitrarily distributed
λBragg is interrogated by a λ-modulated tunable laser, this results in the following
eﬀects:
• The interrogation signal is only reﬂected back to the interrogator when its
wavelength is such that it hits the reﬂectivity curve of an FBG.
• If the wavelength of the interrogation signal causes it to hit the ﬂat top section
of the FBG reﬂectivity curve, it is reﬂected essentially unaltered.
• If the wavelength of the interrogation signal causes it to lie within either of the
two slopes, demodulation of the λ-modulation to intensity modulation occurs.
The phase of the demodulated signal diﬀers by 90 ◦ between the two slopes
due to the falling and rising nature of the slopes.
• If the wavelength of the interrogation signal causes it to lie in the two apex
areas where the slopes change over to the ﬂat top section of the FBG reﬂection
curve, the λ-modulation is converted to intensity modulation with a certain
degree of distortion. This distortion is caused by the change in the reﬂection
curve steepness between the slopes and the ﬂat top section.
Thus, demodulation of the λ-modulation only occurs at the slopes of any FBG in
a sensing array ﬁber. This is advantageous if the modulation signal is chosen to be
a pseudo-random signal such as an M-Sequence or a similar PRBS of suitable length
and bitrate, as it reduces the number of signals that ultimately sum at the detector
drastically, further improving the round trip gain budget of the interrogation system
as well as the S/N.
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9 RESULTS
9.1 Overview
The following sections summarize the results of the investigations conducted in my
doctoral project. The sections follow the research goals set up at the beginning 3.3
and thus allow an evaluation of the achievements.
9.2 Identiﬁcation and Veriﬁcation of limiting as-
pects of State of the Art techniques
A real-world civil engineering experiment scenario was set up and conducted in order
to verify and identify limiting aspects of both installation and operation of ﬁber optic
sensing systems. The ﬁndings were then used to guide the following investigations
regarding advanced laser tuning methods.
9.3 Characterization of the tuning behaviour
A dedicated experimentation system was designed and built around a Syntune/Finisar
S7500 MG-Y Laser. This system was then used in extensive measurements, some
ranging in duration up to 3 weeks, to extract all device characteristics of interest.
The gathered data was processed and displayed in diagrams such that the operating
and tuning characteristics of the device could be examined optimally.
9.4 Formulation of an Analytical Tuning Model
Based on the operating principle and the measured device characteristics, a tuning
model was developed linking the emitted wavelength to the tuning currents for the
device using polynomials. The accuracy and performance of the tuning model was
then experimentally assessed.
9.5 Quasi-continuous tuning
The shortcomings and problems discovered during the assessment of the ﬁrst tuning
model were then used to design a second, structurally improved tuning model. This
novel indirect and layer-based tuning model was experimentally found to achieve
quasi-continuous tuning over the entire device operating spectrum with very high
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accuracy. Also, the tuning model was designed such that it can be parameterized
and calibrated entirely without the need for external measurement instruments.
This allows to implement in-system self-calibration, removing time and cost intensive
measurements that currently still are required during manufacture of each individual
device.
A tuning method for MG-Y Laser capable of achieving such performance as well
as in-system self-calibration capability is unprecedented in literature.
9.6 Characterization of the modulation behaviour
The wavelength modulation characteristics of the device were then examined. Ex-
perimments indicated that the device is capable of substantial modulation band-
width. However, the measurements showed that suitable packaging of the device is
required.
9.7 Advanced system architectures
The ﬁndings of the tuning model research and the modulation experiments were then
applied in order to ﬁnd FBG interrogation methods of superior performance. Since
experimental characterization of the performance of these methods is diﬃcult due
to the complexity of the proposed systems, simulations and experiments covering
selected core components were carried out to conﬁrm eﬀectiveness.
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10 CONCLUSIONS
My dissertation presents a novel method for MG-Y Laser control that uses the
unique and intrinsic characteristics of the device to enable quasi-continuous tun-
ing of the emitted laser wavelength as well as in-system self-calibration, removing
the need for characterization during manufacture. Use of the MG-Y Laser with the
new indirect layer-based tuning approach may now make instruments feasible that
require wide tuning range as well as high tuning agility, a combination of formerly
mutually exclusive properties.
These achievements not only satisfy the original goals that were set based on
the experiences gained from conducting a complex real-world civil engineering mea-
surement scenario, but also are usefull in practically any application requiring a
wavelength agile and widely tunable laser source.
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A FUNDAMENTALS OF FIBEROPTICS
This section gives a brief introduction to the basic principles of the technologies
the dissertation is based upon. The aim is that a reader with general electrical
engineering background does not need to consult any secondary literature in order
to follow the text. Thus, this section covers only selected ﬁberoptics and sensing
speciﬁc issues and does not claim to be a complete introduction of the ﬁeld.
A.1 Optical Fibers
Optical Fibers can be classiﬁed according to the material they are made from, with
the main types being Plastic Optical Fiber (POF) and quarz glass (SiO2 = Silica)
ﬁbers.
According to the index proﬁle, optical ﬁbers can be classiﬁed as Step Index (SI)
and Graded Index (GI) ﬁbers.
Depending on the number of optical modes that are capable to propagate inside
the ﬁber, a further classiﬁcation into Multimode (MM) ﬁber and Single Mode (SM)
ﬁber can be made.
The latter provides the lowest degree of pulse lengthening (which is important for
modern high bitrate telecommunication applications) and also is best in maintaining
the coherence of the propagating lighwave, which is important for high resolution
ﬁberoptic sensing systems based on interferometric eﬀects. Fig. A.11 shows the
geometries of the aforementioned index proﬁles and ﬁber geometries.
A.1.1 Singlemode Fiber and Fiber Components
Due to its ability to maintain the coherence of the propagating lightwave, the ﬁber
type used for almost all recent developments in the ﬁeld of sensing is the SM ﬁber.
Inside a SM ﬁber, the lightwave propagates in a small diameter core. To achieve
single mode operation, the diameter of the ﬁber core has to be very small; typical
values are below 10μm. The core is surrounded by the cladding which is made from
quartz glass like the core, but with a slightly lower refractive index. The cladding
is protected from the atmosphere and mechanical damage by a coating which may
be made of various plastic materials such as silicone rubber, polyimide etc.
Light guidance in SI-MM ﬁbers can be described by repetitive reﬂection of the
light rays at the core cladding interface, following the principle of total internal
reﬂection. Guidance in GI-ﬁbers is based on a continuous bending of the light rays
1Drawing courtesy of Prof.Dr.-Ing. Friedemann Mohr, Hochschule Pforzheim University, Ger-
many
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Fig. A.1: Geometries of Step Index Multimode (SI-MM), Gradient Index Multimode
(GI-MM) and Single Mode (SM) ﬁbers
rather than a discrete reﬂection as with the SI type. This means that the path of each
guided ray is not composed by straight segments but by an ondulation composed of
sine-shaped segments.
Describing propagation in an SM ﬁber by geometrical optics (a single ray propa-
gating along the core axis) is only a very coarse approximation. In fact, propagation
here requires wave theory, the most simple picture describing propagation here is a
"plane" wave propagating along the ﬁber axis with a lateral ﬁeld distribution close
to a Gaussian.
Fiberoptical Coupler
Among the most frequently used components is the ﬁberoptical coupler. Consisting
of two singlemode ﬁbers fused together such that the lightwave travelling in one ﬁber
core can couple into the adjacent ﬁber core, it is frequently used to distribute a signal
to several outputs or to separate lightwaves propagating in opposite directions.
Fiberoptical Circulator
Another component that is mainly used for the purpose of separating transmitted
and reﬂected lightwaves is the optical circulator. The operating principle is similar
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Fig. A.2: Structure of a ﬁber coupler
to its microwave analogon. Light entering one of its ports is directed to the next
adjacent port in a circular fashion.
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Fig. A.3: Optical circulator with examples for port connection
In an optical system containing a light source and a detector that have to operate
onto one load such as a long ﬁber link, the source may be connected to port 1. The
lightwave from the source will then exit the circulator at port 2, where the ﬁber is
connected. Any light returning from this ﬁber will be passed on to port 3 by the
circulator, where a detector can be used to detect it.
If a beam dump is connected to port 3, the circulator becomes an isolator that
can be used to prevent reﬂected lightwaves to interfere with the source. Similar
to the microwave component, optical isolators are often used to prevent reﬂection
eﬀects such as for example parasitic Fabry Perot interferences between a source and
a reﬂective, non-ideal load.
A.1.2 Fiber Bragg Gratings
A FBG is a periodic structure of refractive index alterations which have been in-
scribed into the core of an optical ﬁber (normally of SM type) by intense irradiation
with a periodic pattern of UV laser light. A simpliﬁed setup for the production of
FBGs is shown in the following Fig. A.4.
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Fig. A.4: Setup for the inscription of FBG structures in optical ﬁbers
A powerful, usually pulsed, UV laser beam is widened (not shown in Fig. A.4)
to the desired length of the FBG and then passed through a phasemask. The phase-
mask is a form of transmissive diﬀraction grating consisting of very ﬁne grooves
milled into a fused silica glass substrate using Electron Beam Lithography (EBL).
Directly behind the phasemask, the optical ﬁber is mounted in a ﬁber holding ﬁx-
ture such that it does not contact the phasemask yet maintains a minimal distance
to it. The phasemask causes an interference pattern to form that generates pe-
riodical changes of light intensity along the axis of the ﬁber. Where the ﬁber is
irradiated, the refractive index changes due to an eﬀect comparable to bleaching.
Normal telecommunications grade ﬁber (for example the ubiquitous SMF-28) can
be used, but in order to keep exposure times reasonably short, a special ﬁber doped
with Germanium and soaked in Hydrogen prior to exposure is used. Regarding the
wavelength of the Laser used for irradiation, other wavelengths in the UV range and
even in the green visible range have been proven to work [19]. For example, 266nm
generated by frequency doubling of a 532nm DPSS Laser yields usable FBGs as well
[20].
Now a general property of guiding media is that a propagating wave will undergo
some reﬂection at a coordinate where the guiding properties change. In an optical
ﬁber the physical parameter determining the guidance characteristics is the refrac-
tive index, so changes of the latter will cause said reﬂections. With a Bragg-grating
those changes occur periodically (cf. Fig.A.5), so portions of the propagating wave
will be reﬂected at each half-period of the grating. If the injected wavelength λ
and the period of the grating Λ match in such a way that all the reﬂected wave
portions become in-phase, constructive interference occurs and light of this speciﬁc
wavelength is strongly reﬂected. Wavelengths not satisfying the required match with
the grating period will pass through unreﬂected.
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Fig. A.5: FBG Structure
An FBG thus constitutes a wavelength dependent reﬂector inside an optical ﬁber.
If a wide spectrum of light PI is sent towards the FBG, a single wavelength PB is
reﬂected that is determined by the period Λ of the refractive-index modulation. This
wavelength is called the Bragg-Wavelength λBragg. The transmitted spectrum PT
consequently shows a dip at λBragg (Fig. A.6).
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Fig. A.6: FBG Spectral Characteristics
As the structure determining the spectral response of an FBG is part of the ﬁber,
mechanical factors such as strain or temperature aﬀect λBragg . For applications
where the FBG is employed as a ﬁlter, for example in telecommunications, this is a
nuisance and special measures have to be taken to minimize such adverse inﬂuence.
However, the eﬀect can also be put to use in the form of a sensor, if the shift Δλ of
λBragg from the original FBG Wavelength λ0 is measured. The relationship between
the shift Δλ, mechanical strain  and temperature T is given by
Δλ
λ0
= k + αδΔT (A.1)
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Equation (A.1) contains a gage factor k (typically k = 0, 78) [18, 26, 27, 35]that
takes photo-elastic eﬀects into account which alter the refractive index of the ﬁber
due to mechanical strain. The temperature inﬂuence is taken into account by ΔT
and the factor αδ (typically 5...8·10−6·1/K) which represents both thermal expansion
and dependency of the refractive index on the FBG sensor temperature. For a
practical sensing application, the equation (A.1) may be transposed (A.2) to output
the strain s of the substrate the FBG is attached to and extended to accommodate
for the thermal expansion of the substrate αs.
s =
1
k
· Δλ
λ0
− (αs + αδ
k
)ΔT (A.2)
The equations above assume ideal coupling of substrate strain into the FBG.
This can generally be assumed if the bond length of the FBG is at least 4 times the
length of the FBG in the Fiber or around 6 cm and a thin layer of adhesive is used
[21].
The spectral response of an FBG can be inﬂuenced via the inscribed pattern of
refractive index modulations. This is however rarely done due to the large price dif-
ference between standard commercially available FBGs mass produced for telecom-
munication applications and such custom handmade FBGs. A standard FBG for
telecommunication applications (e.g. DWDM Add/Drop Multiplexer) has a spec-
tral width of a little bit more than one ITU2 Grid [53] Channel (ca. 300 pm) and
a trapezoidal spectral response tailored to minimize adverse eﬀects on the optical
data channel (cf. Fig.7.8).
A.1.3 Laser Diodes
Before delving into the details of the MG-Y-Branch Laser it is worthwhile to have a
look at the basic principles and devices it builds upon. The simplest and probably
most widely known laser arrangement is that of the Fabry-Perot principle. Consist-
ing of 2 mirrors and a laser medium in between, it provides the optical resonator
necessary to sustain stimulated emission.
While for other laser media such as gases, liquids oder crystals, external mirrors
generally are necessary, this aspect can be simpler for semiconductor lasers. Due to
the large step in the refractive index at the interface between the surrounding atmo-
sphere and the semiconductor material, the cleaved end faces of the semiconductor
chip usually provide enough reﬂection.
2International Telecommunication Union
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Fig. A.7: Basic operating principle of a Fabry-Perot laser
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Fig. A.8: Structure of a Fabry-Perot diode laser
The two mirrors cause photons generated in the laser medium to circulate back
and forth between the mirrors. If the energy used to pump the laser medium is high
enough to ensure population inversion, a photon travelling through the medium will
trigger the generation of new photons which are in phase with the triggering photon.
Ultimately a constant wave of photons ciculates in the resonator cavity.
The transition from spontaneous emission to stimulated emission is known as
the laser threshold.
Below the laser threshold, spontaneous emission dominates the produced optical
spectrum. This is characterized by a broad spectral emission similar but not as
broad as an Light Emitting Diode (LED) or a Superluminescent Light Emitting
Diode (SLED). Above the laser threshold, the resonator eﬀect causes the emitted
spectrum to narrow substantially.
In a Fabry Perot laser diode, this emitted spectrum consists of several lines
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Fig. A.9: Spectrum of a Fabry Perot laser diode below and above the laser threshold
(not to scale)
caused by longitudinal resonator modi. These lines occur in the wavelength range
where the laser medium supports the generation of stimulated emission photons. A
laser diode that produces such a spectrum typically uses the density of the pump
current to deﬁne the resonator laterally. Such a resonator is realized by designing
the metallization layer on top of the laser diode chip such that the pump current
passes through the desired area, thus deﬁning where stimulated emission is possible.
For this reason, the structure is commonly known by the name "gain guided".
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Fig. A.10: Spectrum of a gain guided and an index guided Fabry Perot laser diode
As the gain guided structure does not deﬁne clear borders for the area in which
the lightwave circulates, it encourages the generation of multiple transversal longitu-
dinal resonator modes. If the resonator is additionally deﬁned by lateral transitions
in the refractive index of the semiconductor, forming a thin channel, the resonator
acts like a waveguide conﬁning the circulating lightwave and producing a much nar-
rower spectrum. However, while allowing single mode operation, such laser diodes
141
require a mechanism of mode stabilization. Otherwise, whenever conditions in the
resonator change, so does the spectrum and output power. Also, the generated
wavelength is not determined by any constructive measure except the semiconduc-
tor material. Typical spectra of gain guided laser diodes and index guided laser
diodes are shown in Fig.A.10.
A solution to this problem is to include wavelength selective means into the laser
resonator to suppress all modes allowed by the gain proﬁle of the medium and the
Fabry Perot resonator, except one. On the semiconductor level, this can be achieved
by replacing the mirrors of the Fabry Perot Resonator by Bragg reﬂectors tuned to
the desired wavelength. Such a laser is called a DBR laser and is shown in the
following Fig. A.11.
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Fig. A.11: Structure of a Distributed Bragg Reﬂector (DBR) Laser
The distributed reﬂections in the Bragg reﬂector sections interfere constructively
at the design wavelength, allowing only one of the resonator modi to oscillate. A
phase section in the resonator allows to adjust the roundtrip delay of the lightwave
in order to align the longitudinal cavity mode with the wavelength given by the
Bragg reﬂector. Of course, the end faces of the laser chip have to be coated with an
Anti Reﬂective (AR) coating to cancel out any Fabry Perot behaviour.
The Bragg reﬂector sections of a DBR laser provide a simple means of tuning if
current is passed through the optical channel underneath the reﬂector. The current
alters the refractive index of the section, allowing a tuning range of a few nm for a
1550 nm laser.
Another possibility is to extend the Bragg reﬂectors along the complete resonator
cavity A.12. The feedback of the resonating lightwave thus is distributed over the
entire length of the active zone. Such devices are known as Distributed Feedback
Bragg Reﬂector Laser (DFB) lasers.
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Fig. A.12: Structure of a Distributed Feedback Bragg Reﬂector (DFB) Laser
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B MEASUREMENT DATA OF THE REAL WORD
MEASUREMENT SCENARIO
This appendix presents diagrams generated from the gathered measurement data.
B.1 Short term strain development during and
after tensioning
The following diagrams present data gathered during the gradual rising of the ten-
sioning force and the time immediately following the tensioning process. The ten-
sioning process is described in Ch.4.7.2. The diagrams clearly show how the tension-
ing force was applied in steps and how the specimen reacted to the force during the
following hours. Figure B.3 shows the FBG Wavelength change during tensioning
and Figure B.4 the following hours.
Fig. B.1: FBG Wavelength curve - tensioning transient
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Fig. B.2: LVDT curve showing specimen compression
B.2 Long term strain development after tension-
ing
The following Fig. B.5 to B.12 show the development of strain as measured by
the LVDT and FBG sensors for all specimen. The diagrams show the supperior
performance of the ﬁberoptic sensing system regarding low noise, drift and reliability
(cf. Fig. B.6, B.7, B.8, B.10).
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Fig. B.3: FBG sensor data with elastic strain marked
Fig. B.4: FBG sensor data with creep strain marked
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C DIRECT TUNING MODEL PARAMETERI-
ZATION DATA AND COEFFICIENTS
C.1 Reﬂector Tuning Polynomial Coeﬃcients
Tab. C.1: Polynomial coeﬃcients
IReflector m a5 a4 a3 a2 a1 a0
IRight 1 -1.05E-04 8.24E-01 -2.58E+03 4.03E+06 -3.15E+09 9.84E+14
ILeft 1 9.00E-05 -7.07E-01 2.22E+03 -3.49E+06 2.74E+09 -8.59E+14
IRight 2 -3.54E-04 2.76E+00 -8.63E+03 1.35E+07 -1.05E+10 3.28E+12
ILeft 2 -1.06E-04 8.25E-01 -2.58E+03 4.04E+06 -3.16E+09 9.87E+11
IRight 3 2.86E-03 -2.22E+01 6.89E+04 -1.07E+08 8.30E+10 -2.58E+13
ILeft 3 2.54E-03 -1.97E+01 6.12E+04 -9.51E+07 7.38E+10 -2.29E+13
IRight 4 -1.99E-03 1.54E+01 -4.76E+04 7.37E+07 -5.70E+10 1.76E+13
ILeft 4 -1.78E-03 1.37E+01 -4.25E+04 6.58E+07 -5.09E+10 1.58E+13
IRight 5 7.62E-04 -5.88E+00 1.81E+04 -2.80E+07 2.16E+10 -6.66E+12
ILeft 5 4.63E-04 -3.57E+00 1.10E+04 -1.70E+07 1.31E+10 -4.03E+12
IRight 6 -8.28E-04 6.35E+00 -1.95E+04 2.99E+07 -2.29E+10 7.03E+12
ILeft 6 -3.71E-04 2.85E+00 -8.75E+03 1.34E+07 -1.03E+10 3.16E+12
IRight 7 -4.51E-03 3.45E+01 -1.05E+05 1.61E+08 -1.23E+14 3.77E+13
ILeft 7 -1.70E-03 1.30E+01 -3.97E+04 6.07E+07 -4.64E+10 1.42E+13
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